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A  complete  respiratory  tract  model  for  predicting  lung  dosimetry  of  inhaled 

radioactive  aerosols  involves  several  component  models,  including  models  for  particle 

deposition  in  airways,  biokinetic  clearance  and  radiological  decay  of  deposited  materials, 

and  radiological  dose  to  critical  target  tissues.  Each  component  depends  on  several 

parameters  which  can  vary  among  members  of  a  population  group.  The  traditional 

approach  has  been  to  use  reference  values  for  parameters  and  to  generate  a  single, 

deterministic  reference  dose.  Based  on  conducting  parameter  uncertainty  analyses,  a 

methodology  was  developed  in  this  study  to  incorporate  parameter  uncertainties  into  the 

respiratory  tract  modeling  process.  The  methodology  allows  lung  dose  predictions  to  be 

determined  as  probability  distributions,  which  better  reflect  the  potential  spread  in  doses 

for  members  of  population  groups  than  a  single  reference  dose.  The  study  involved 
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compilation  and  critical  evaluation  of  previous  studies  to  recommend  defensible 
distributions  representative  of  parameter  uncertainties.  Relationships  were  also  identified 
to  account  for  correlations  between  many  model  parameters.  An  interactive  computer 
program,  LUDUC  (for  LUng  Dose  Uncertainty  Code),  was  developed  to  implement  the 
methodology.  Doses  resulting  from  inhalation  of  plutonium  oxide  aerosols  (aerodynamic 
diameters  ranging  from  0.1  to  50  microns)  were  investigated  with  LUDUC  to  demonstrate 
the  methodology.  This  specific  application  of  the  methodology  developed  dose  data 
which  support  an  ongoing  dose  reconstruction  study  of  plutonium  released  by  the  Rocky 
Flats  Plant  in  Colorado.  Resulting  dose  distributions  followed  a  lognormal  distribution 
shape  for  all  scenarios  examined.  For  many  scenarios,  the  uncertainties  in  lung  dose 
predictions  were  substantial«with  geometric  standard  deviations  approaching  values  of 
five.  Uncertainties  in  doses  increased  by  about  a  factor  often  from  the  smallest  to  the 
largest  particle  sizes.  Differences  in  predicted  dose  distributions  were  small  when 
comparing  different  age  and  gender  groups  from  2  to  35  years  of  age.  Median  doses  for 
plutonium  oxide  generally  agreed  with  reference  dose  values,  providing  some  level  of 
confidence  in  the  reference-man  approach.  Parameter  sensitivity  analyses  were  conducted 
for  inhaled  plutonium  oxides  and  revealed  that  dose  uncertainties  are  generally  attributable 
to  only  a  few  of  the  model  parameters;  parameter  sensitivity  depended  on  the  inhaled 
particle  diameter. 
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CHAPTER  1 
INTRODUCTION 


As  knowledge  of  particle  deposition,  clearance,  and  radiation  dosimetry  in  the 
human  respiratory  tract  has  increased,  so  have  the  sophistication  and  complexity  of  the 
conceptual  and  computational  models  used  to  describe  these  processes  [e.g.,  International 
Commission  on  Radiological  Protection  (ICRP),  1960;  Task  Group  on  Lung  Dynamics 
(TGLD),  1966;  ICRP,  1979  and  1994].  In  spite  of  recent  advances  in  respiratory  tract 
modeling,  the  reliability  of  model  predictions  should  be  addressed.  A  number  of 
publications  have  focused  on  the  techniques  of  model  reliability  assessment  [e.g.,  Morgan 
and  Henrion,  1990;  International  Atomic  Energy  Agency  (IAEA),  1989;  Organization  for 
Economic  Cooperation  and  Development  (OECD),  1987;  Hoffman  and  Gardner,  1983]. 
Although  the  general  techniques  of  model  reliability  assessment  can  be  applied  to  any 
mathematical  model,  past  applications  in  the  radiological  dose  assessment  area  (e.g., 
OECD,  1987;  Desmet,  1988;  Garten,  1980;  Hoffman  and  Baes,  1979;  Little  and  Miller, 
1979)  have  primarily  involved  environmental  transfer  models  (e.g.,  atmospheric,  surface- 
water,  groundwater,  and  terrestrial/aquatic  food-chain  transport  models).  Similar 
techniques  have  also  been  applied  to  light-water  nuclear  reactors  to  examine  probabilities 
associated  with  accident  scenarios  (Rasmussen,  1975;  Lewis,  1978).  The  current  study 
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extends  the  application  of  reliability  assessment  techniques  to  include  anatomical  and 

physiological  models  adopted  to  simulate  the  human  respiratory  tract. 

Several  factors  must  be  considered  in  a  study  of  model  reliability.  According  to  a 

report  by  the  International  Atomic  Energy  Agency,  model  reliability  is  affected  by: 

(1)  uncertainty  due  to  improper  definition  and  conceptualization  of  the  assessment 
problem  or  scenario, 

(2)  uncertainty  due  to  improper  formulation  of  the  conceptual  model, 

(3)  uncertainty  involved  in  the  formulation  of  the  computational  model, 

(4)  uncertainty  inherent  within  estimation  of  model  parameter  values,  and 

(5)  calculational  and  documentation  errors  in  the  production  of  results. 
(IAEA  1989,  p.  16) 

The  assessment  problem  and  scope  of  this  study,  item  (1),  are  discussed  in  detail  in  a 

following  section.  Uncertainties  in  the  formulation  of  the  conceptual  and  computational 

(or  mathematical)  models,  items  (2)  and  (3),  were  not  examined  here.  In  regard  to  items 

(2)  and  (3),  an  underlying  assumption  in  this  research  has  been  that  the  conceptual  and 

computational  models  adopted  for  this  study  appropriately  represent  the  anatomy  and 

physiology  of  the  human  respiratory  tract.  This  study  has  used  the  revised  respiratory 

tract  model  recently  issued  (ICRP,  1994)  by  the  International  Commission  on  Radiological 

Protection  (ICRP).  The  model  is  based  on  recommendations  by  an  ICRP  task  group 

composed  of  experts  in  the  field  of  respiratory  tract  dosimetry.  The  effect  of  uncertainties 

in  respiratory  tract  model  parameters  on  model  predictions,  item  (4),  has  been  the  primary 

focus  of  this  research.  These  uncertainties  were  examined  in  detail  by  implementing 

parameter  uncertainty  and  parameter  sensitivity  analyses  of  the  revised  ICRP  respiratory 

tract  model.  Calculational  errors,  item  (5),  were  examined  to  some  level,  since  the 

probabilistic  computer  code  developed  to  implement  parameter  uncertainty  analyses  of  the 
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model  was  verified  by  comparison  to  a  simpler,  deterministic  code,  LUDEP,  developed 

independently  by  the  National  Radiological  Protection  Board  (Jarvis  et  al.,  1993). 

1 . 1  Purpose  of  Study 
The  primary  purpose  of  this  study  was  to  develop  a  computational  methodology 
for  quantifying  uncertainties  (including  stochastic  variabilities)  in  respiratory  tract  model 
dose  predictions  for  exposure  of  population  groups  to  radioactive  aerosols.  The  study  is 
based  on  parameter  uncertainty  analyses  of  recommended  biological  models  describing  the 
fate  of  inhaled,  radioactive  aerosols  in  the  human  respiratory  tract.  A  probabilistic 
computer  code,  LUDUC  (Lung  Dose  Uncertainty  Code),  was  developed  in  this  study  to 
perform  these  analyses.  A  secondary  purpose  of  this  study  was  to  demonstrate  this 
computational  methodology  by  application  to  various  inhalation  exposure  scenarios  for 
plutonium  oxide  aerosols  (while  also  providing  guidance  for  application  to  other 
radionuclides  and  chemical  forms).  An  objective  of  this  study  was  not  to  develop  a  new 
respiratory  tract  model  or  to  validate  existing  models,  but  rather  to  use  a  model  currently 
recommended  by  national  and/or  international  scientific  advisory  bodies  (NCRP,  1993; 
ICRP,  1994)  as  the  basis  for  conducting  parameter  uncertainty  analyses.  In  addition, 
parameter  sensitivity  analyses  also  were  performed  in  the  study  to  identify  the  parameters 
that  most  influence  model  predictions. 

The  study  was  undertaken  in  an  effort  to  improve  current  internal  dose  assessment 
methods  by  including  parameter  uncertainties  in  the  dose  modeling  process.  The 
methodology  developed  allows  inhalation  exposure-to-dose  conversion  factors  (EDCFs), 
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among  other  assessment  quantities,  to  be  derived  as  probability  distributions  rather  than  as 

single,  deterministic  values—which  are  based  solely  on  a  reference  human  and  do  not 

account  for  parameter  uncertainties  arising  from  biological  variability  and  lack  of 

knowledge.  Probabilistic  characterization  of  respiratory  tract  model  predictions  is 

important  for  a  many  reasons. 

First,  probabilistic  characterization  helps  to  demonstrate  the  reliability  of  models 

adopted  to  represent  the  anatomical  and  physiological  characteristics  of  the  human 

respiratory  tract.  Second,  it  helps  to  improve  the  credibility  of  dose  assessment 

calculations  by  estimating  the  potential  distribution  or  range  of  values  (including 

descriptive  statistics  such  as  medians,  fractiles,  means,  and  standard  deviations)  for 

quantities  of  interest.  Finally,  probabilistic  characterization,  when  performed  in 

conjunction  with  sensitivity  analyses,  helps  to  distinguish  the  more  influential  model 

parameters  (with  respect  to  model  predictions)  from  the  less  influential  ones.  This  latter 

sensitivity  information  can  help  guide  future  research  efforts  in  respiratory  tract  modeling. 

1.2.  Background  Information 

1 .2. 1 .  Radiation  Exposure  Pathways 

In  scientific  endeavors  to  quantify  and  predict  human  health  risks  from  exposure  to 
ionizing  radiations,  mathematical  models  are  both  appropriate  and  necessary.  Numerous 
models  exist  for  describing  the  release,  environmental  transport,  food-chain  propagation, 
human  intake/usage,  internal  and  external  dosimetry,  and  subsequent  health  risks  of 
radioactive  materials  (e.g.,  see  Till  and  Meyer,  1983  and  NCRP,  1984  for  summary).  An 
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illustration  of  the  major  factors  considered  in  radiological  risk  assessment  is  shown  in 

Figure  1-1.  The  upper  aspect  of  this  figure  (boxes  1-5)  involves  release  conditions  and 

environmental  transport  factors,  while  the  lower  aspect  (boxes  6-8)  involves  human 

lifestyle  and  biological  factors.  As  indicated  by  bold  print  in  Figure  1-1,  this  study  focuses 

on  components  in  the  risk  assessment  chain  that  are  associated  with  usage  rates  and  dose 

factors  (boxes  6  and  7)  for  inhalation  of  radioactive  aerosols. 

Within  the  context  of  inhalation  of  radioactivity,  usage  rates  refer  to  the  amounts 
of  air  and  subsequently  radioactivity  inhaled  per  unit  time  by  an  individual.  The  amount  of 
radioactivity  inhaled  per  unit  time  is  termed  the  inhalation  intake  rate.  The  time  integral 
of  the  inhalation  intake  rate  over  the  exposure  duration  is  termed  the  inhalation  intake 
(i.e.,  the  total  activity  inhaled  during  the  exposure  period).  Using  the  International  System 
of  units  (SI),  the  inhalation  intake  is  expressed  in  units  of  becquerels  (Bq),  where  the 
becquerel  is  the  special  SI  unit  for  radioactivity;  one  becquerel  is  equal  to  one  radioactive 
disintegration  (or  transformation)  per  second. 

A  quantity  of  interest  in  this  study,  related  to  usage  rates,  is  the  activity  exposure. 
In  this  study  activity  exposure,  denoted  by  AE  and  with  units  of  Bq-hr/m3,  is  defined  as  the 
time  integral  of  the  ambient  activity  concentration,  C,(t)  in  Bq  per  m3,  over  the  exposure 
duration,  D,  in  hours.  Thus, 

D 

Ab  "  /C.(t)dt   =  D*C.  (1-1) 

0 

where    q     represents  the  time-averaged  ambient  activity  concentration  over  the  exposure 
duration,  D.  The  activity  concentration  represents  the  radioactivity  per  unit  volume 
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Figure  1-1.  Factors  to  consider  in  radiological  risk  assessment.  This  study 
focuses  on  components  represented  by  boxes  6  and  7  for  inhalation.  After 
NCRP  1984,  Figure  1. 


(ambient  air)  as  a  function  of  time  for  a  specified  radionuclide  and  a  specified  particle 
activity-size  distribution.  The  exposure  duration,  D,  represents  the  time  a  group  of 
subjects  is  exposed  to  the  specified  activity  concentration  (i.e.,  the  time  over  which  the 
inhalation  intake  occurs).  The  activity-size  distribution  characterizes  the  fraction  of  the 
airborne  activity  associated  with  aerosol  particles  in  various  size  ranges.  Particle  size 
characteristics  and  activity-size  distributions  are  discussed  in  section  2.6. 

As  defined  above,  Ag  is  useful  when  the  activity-size  distribution  and  the  physical 
exertion  level  of  the  population  group  do  not  change  significantly  over  the  exposure 
duration  for  the  specified  radionuclide.  These  conditions  have  been  assumed  in 
conducting  the  present  study.  Throughout  this  study  a  simplifying  assumption  was  to 
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model  the  deposition  of  inhaled  material  as  an  acute  event.  This  assumption  is  justified 

when  the  intake  occurs  over  a  relatively  short  exposure  duration  (during  which  ventilation 
rates  remain  relatively  constant  for  individuals  within  the  population  group).  For  a  long 
exposure  duration  (where  ventilation  and  intake  rates  change),  the  mathematical  model  for 
biokinetic  clearance  requires  mathematical  expressions  for  the  intake  rates  for  individuals. 
Therefore,  the  methodology  and  results  described  herein  are  based  on  an  acute  activity 
deposition  in  the  lungs. 

Dose  factors  for  inhalation  refer  to  the  radiation  dose  delivered  over  a  specified 
time  period  to  a  tissue,  organ,  or  the  whole  body  per  unit  of  inhaled  activity.  Dose 
quantities  of  interest  for  an  inhalation  intake  include  the  equivalent  dose  to  various  body 
organs  (including,  but  not  limited  to,  the  lungs)  and  the  effective  dose  to  the  whole  body. 
These  dose  quantities  are  described  in  later  sections  of  this  dissertation.  Generally,  these 
dose  quantities  represent  the  amount  of  radiation  energy  absorbed  per  unit  mass  (of  the 
target  tissue)  and  include  various  weighting  factors  to  account  for  the  biological 
effectiveness  of  different  radiation  types  and  for  the  differential  radiation  sensitivities  of 
organs  in  the  body.  The  special  SI  unit  for  equivalent  dose  and  effective  dose  is  the 
sievert,  abbreviated  Sv.  The  sievert  has  more  fundamental  units  of  joules  per  kilogram. 

To  compute  radiation  dose,  the  dose  integration  time  must  be  specified.  This 
integration  time  refers  to  the  period,  following  the  intake,  over  which  the  radiation  dose  is 
delivered.  For  radiation  protection  purposes,  the  ICRP  (1991a)  has  recommended  a  dose 
integration  time  of  50  years  for  adults  (18  years  or  older)  and  70  years  for  children  when 
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deriving  equivalent  and  effective  doses.  However,  for  epidemiological  studies  or  radiation 

litigation  cases,  other  dose  integration  times  might  be  desired. 

It  is  important  to  distinguish  clearly  the  exposure  duration,  D,  from  the  dose 
integration  time.  As  described  above,  the  exposure  duration  refers  to  the  time  over  which 
the  intake  occurs.  The  dose  integration  time  refers  to  the  time  over  which  the  dose  rate  is 
integrated  to  compute  radiation  doses  to  various  body  tissues  and  organs.  For 
radionuclides  that  deposit  in  the  body,  dose  continues  to  be  delivered  (in  some  cases  over 
many  years)  after  the  intake  has  occurred  since  material  is  retained  by  various  tissues. 

Of  the  possible  pathways  for  intake  of  a  radionuclide  into  the  body  (i.e.,  inhalation, 
ingestion,  absorption,  and  injection),  inhalation  is  generally  the  most  complex.  Particles 
that  deposit  in  the  respiratory  tract  can  undergo  a  number  of  processes  including:  (1) 
transport  by  mucociliary  clearance  to  the  gastro-intestinal  (GI)  tract,  (2)  phagocytosis  by 
alveolar  macrophages  accompanied  by  possible  transport  to  the  lung-associated  lymph 
nodes  (where  particles  can  be  retained  throughout  the  remainder  of  a  person's  life)  or  the 
GI  tract  via  the  mucociliary  escalator,  and  (3)  dissolution  accompanied  by  absorption  from 
lung  tissues  to  the  blood  circulatory  system.  Therefore,  in  addition  to  being  a  region  of 
concern  with  respect  to  radiation-induced  risk,  the  respiratory  tract  is  also  a  portal  for 
inhaled  radionuclides  to  other  body  tissues  and  organ  systems.  For  example,  animal 
studies  involving  inhalation  of  a  number  of  transuranic  compounds  have  demonstrated 
increased  incidences  of  fatal  cancer  to  the  bones,  liver,  and  kidneys,  as  well  as  the  lungs 
(ICRP  1980). 


1.2.2.  Internal  Radiation  Dosimetry,  Reference  Man,  and  Risk 

Radiation  dose  calculations  for  a  given  inhalation  intake  have  traditionally  involved 
deterministic  techniques.  In  such  techniques  biological  variabilities  and  uncertainties  are 
ignored  in  the  dose  prediction  yielding  a  single  quantitative  result.  The  traditional 
approach  has  been  to  define  and  apply  anatomical  and  physiological  models  under  the 
auspices  of  a  reference  or  standard  man,  where  reference  man  represents  an  individual 
comprising  typical  anatomical  and  physiological  characteristics  (e.g.,  ICRP,  1975,  1979). 
Such  characteristics  have  been  chosen  by  scientific  consensus  in  order  to  provide  a 
common  (simplified  and  routine)  basis  for  performing  internal  dose  calculations. 
Acknowledging  differences  attributable  to  age  and  gender,  the  reference-man  approach 
currently  distinguishes  between  adult  man,  adult  woman,  and  children  of  various  ages 
(ICRP,  1989).  Although  a  useful  concept  for  simplifying  computational  effort,  relatively 
few,  if  any,  individuals  in  a  given  population  group  will  match  their  reference  man 
counterpart  identically. 

Using  the  reference-man  approach,  tables  of  intake-to-dose  conversion  factors  (or 
DCFs)  have  been  compiled  for  a  number  of  specific  intake  conditions  (e.g.,  Eckerman  et 
al.,  1988;  ICRP,  1979;  ICRP,  1989;  USNRC,  1992).  Such  tables  are  used  extensively  in 
the  nuclear  industry  and  affect  many  decisions  regarding  past  and  future  exposures  of 
both  workers  and  the  general  public  to  potential  internal  radiation  sources. 

Generally  for  internal  dosimetry,  the  DCF  represents  either  the  radiation  equivalent 
dose  (to  a  tissue/organ)  or  the  effective  dose  (to  the  whole  body)  per  unit  intake  of 
radioactivity  and  has  units  of  sieverts  per  becquerel  (Sv/Bq).  These  quantities  are  defined 
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in  ICRP  Publication  60  (1991a).  These  dose  quantities  include  a  radiation  weighting 

factor,  wR,  to  account  for  the  different  biological  effectiveness  of  various  radiation  types 
(e.g.,  photons,  electrons,  alpha  particles,  neutrons)  per  absorbed  dose .  When  reflecting 
the  effective  dose,  the  DCF  also  incorporates  tissue  weighting  factors,  wT,  which  account 
for  the  different  radiation  sensitivities  of  organs/tissues  to  induction  of  detrimental 
diseases. 

Table  1-1  lists  inhalation  DCFs  for  some  selected  plutonium  isotopes  and 
transuranics.  Except  for  Pu-241,  the  dose  from  these  radionuclides  is  due  primarily  to 
energy  deposited  by  alpha  particles.  Values  in  all  but  the  last  column  are  from  Eckerman 
et  al.  (1988)  and  are  for  a  working,  reference  adult  male.  These  values  are  based  on  the 
dose  methodology  described  in  ICRP  Publication  30  and  Supplements  (ICRP,  1979).  An 
aerosol  with  a  1  urn  activity  median  aerodynamic  diameter  (AMAD,  i.e.,  the  diameter  for 
which  half  of  the  activity  is  associated  with  particles  of  smaller  aerodynamic  diameter) 
with  typical  dispersion  in  size  (i.e.,  geometric  standard  deviation  or  GSD  <  3.5)  has  been 
used  in  deriving  these  values.  The  last  column,  labeled  effective  dose  (denoted  Heff),  was 
derived  using  the  organ  equivalent  doses  from  Eckerman  et  al.  (1988)  and  the  tissue 
weighting  factors  adopted  in  ICRP  Publication  60  (ICRP,  1991a).  The  clearance  class 
refers  to  the  residence  time  of  various  chemical  forms  of  the  radionuclide  in  the  lungs. 
Clearance  classes  D,  W,  and  Y  (defined  in  ICRP,  1979)  refer  to  materials  having  residence 
times  that  are  on  the  order  of  days,  weeks,  and  years  in  the  lungs,  respectively.  Generally, 
plutonium  oxides,  which  are  of  interest  in  this  study,  are  assigned  to  class  Y,  while  other 
chemical  forms  of  plutonium  are  assigned  to  class  W.  The  term  denoted  f,  corresponds  to 
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the  fraction  of  the  activity  in  the  small  intestine  that  is  absorbed  to  the  blood.  An 
important  point  to  note  is  that  these  tabulated  DCFs  have  been  listed  without  their 
associated  uncertainties;  the  reason  is  that  uncertainties  in  these  DCFs  have  not  been 
previously  quantified. 


Table  1-1 .  Selected  intake-to-dose  conversion  factors  (in  Sv/Bq)  for  inhalation  of  some 
plutonium  isotopes  and  other  transuranics  based  on  an  activity  median  aerodynamic 
diameter,  AMAD,  of  1  urn. 


Inhaled      Class";      Gonads0     Lungs'      Red  Bone       Bone         Liver0  FL^ 

Nuclide         f,b  Marrow0     Surfaces0 


Pu-238       W;1.0E-3  2.80E-05  1.84E-05  1.52E-04  1.90E-03  3.51E-04  6.26E-05 

Y;1.0E-5  1.04E-05  3.20E-04  5.80E-05  7.25E-04  1.37E-04  6.15E-05 

Pu-239       W;1.0E-3  3.18E-05  1.73E-05  1.69E-04  2.11E-03  3.78E-04  6.87E-05 

Y;1.0E-5  1.20E-05  3.23E-04  6.57E-05  8.21E-04  1.51E-04  6.48E-05 

Pu-240       W;1.0E-3  3.18E-05  1.73E-05  1.69E-04  2.11E-03  3.78E-04  6.87E-05 

Y;1.0E-5  1.20E-05  3.23E-04  6.57E-05  8.21E-04  1.51E-04  6.48E-05 

Pu-241       W;1.0E-3  6.82E-07  7.42E-09  3.36E-06  4.20E-05  6.57E-06  1.29E-06 

Y;1.0E-5  2.76E-07  3.18E-06  1.43E-06  1.78E-05  3.01E-06  9.37E-07 

Am-241      W;1.0E-3  3.25E-05  1.84E-05  1.74E-04  2.17E-03  3.91E-04  7.08E-05 

Cm-244      W;1.0E-3  1.59E-05  1.93E-05  9.38E-05  1.17E-03  2.39E-04  4.04E-05 


Source:  All  columns  except  last  are  from  Eckerman  et  al.  (1988).  Last  column  is  based  on 
a  weighted  sum  of  organ/tissue  doses  with  tissue  weighting  factors  from  ICRP  (1991a). 

4  "Class"  refers  to  clearance  class  (D,W,  or  Y)  as  defined  in  ICRP  Pub.  30  (ICRP  1979). 

bThe  term  f,  represents  the  fraction  of  activity  absorbed  from  the  small  intestines  to  the 
blood. 

0  Organ/tissue  equivalent  dose  in  sieverts  per  becquerel  (Sv/Bq). 
Effective  dose,  Heff:  sum  of  organ/tissue  equivalent  doses  weighted  by  tissue  weighting 
factors  as  described  by  ICRP  (1991a). 


For  all  of  the  transuranics  listed  in  Table  1-1,  the  bone  surfaces  (endosteal  tissues) 
are  predicted  to  receive  the  greatest  equivalent  dose  (per  inhalation  intake).  For  class  W 
forms,  the  liver  is  predicted  to  receive  the  second  highest  equivalent  dose  followed  by  the 
red  bone  marrow.  For  class  Y  forms,  the  lungs  are  predicted  to  receive  the  second  highest 
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dose  followed  by  the  liver.  In  comparing  organ  DCFs,  one  should  be  aware  that  while 

DCFs  indicate  the  typical  equivalent  doses  to  organs  (of  reference  man),  they  do  not 

necessarily  reflect  the  radiation-induced  health  risks  to  these  organs. 

As  a  means  to  compare  organs  on  a  risk  basis,  the  ICRP  (1991a,  Table  B-20)  has 
recommended  organ/tissue  risk  factors.  These  risk  factors  quantify  the  additional 
probability  (i.e.,  above  the  background  or  baseline  probability)  per  organ  equivalent  dose 
that  a  person  will  experience  a  fatal  cancer  or  contribute  a  severe  genetic  effect  to 
offspring.  The  organ  DCFs  listed  in  Table  1-1  have  been  multiplied  by  respective  organ 
risk  factors  (from  Table  B-20  of  ICRP,  1991a)  to  determine  organ  risks  per  intake.  Table 
1-2  lists  results  of  these  computations  for  some  of  the  radionuclides  in  Table  1-1. 

For  all  radionuclides  listed  in  Table  1-1  with  clearance  class  W,  the  three  organs 
having  the  greatest  risk  per  unit  intake  (from  highest  to  lowest  risk)  are:  bone  surfaces,  red 
marrow,  and  liver;  the  lungs  rank  fifth  and  account  for  only  about  5%  of  the  total  risk 
(based  on  data  presented  in  Table  1-2).  For  clearance  class  Y,  the  order  is  lungs,  bone 
surfaces,  and  red  marrow,  and  the  risk  to  the  lungs  contributes  over  70%  to  the  total  risk 
from  the  intake.  For  both  clearance  classes,  the  order  of  organs  as  ranked  by  equivalent 
dose  does  not  match  the  order  as  ranked  by  organ  risk.  The  discrepancy  is  due  to  the  fact 
that  some  organs  are  more  sensitive  to  radiation  than  others. 

As  a  practical  example  of  what  the  numbers  in  Table  1-2  reflect,  consider  the  total 
risk  per  intake  for  class  Y  Pu-239;  the  value  is  3. 84x1 0"6  per  Bq.  The  annual  limit  on 
intake  (ALI)  for  class  Y  Pu-239  is  about  300  Bq  (ICRP,  1991b).  If  one  million  (106) 
people  experienced  a  300  Bq  intake,  then  about  1000  out  of  the  106  people 
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[i.e.,  (300  Bq)*(3. 84x10-*  Bq1)*(106)]  are  predicted  to  develop  a  fatal  cancer  or  pass  on  a 

severe  genetic  effect  to  offspring.  It  is  predicted  that  70%  of  those  people,  based  on  Table 

1-2,  would  develop  fatal  lung  cancers.  A  number  of  assumptions  are  implied  in  this 

methodology.  The  most  important  (and  controversial)  is  that  these  risk  factors,  which  are 

based  on  exposures  of  persons  at  high  dose/high  dose  rate,  are  appropriate  for  the  low 

dose/low  dose  rate  exposures  generally  of  interest  in  environmental  exposure  scenarios. 


Table  1-2.  Organ  and  total  risk  (of  fatal  cancer  or  severe  genetic  disorder)  per  inhalation 
intake  of  plutonium  compounds  for  working  adult  male. 


Risk  per  Inhalation  Intake  (x  10"6  Bq1) 

Pu-238  a 

Pu-239  b 

Organ 

Class  W 

Class  Y 

Class  W 

Class  Y 

Lungs 

0.156  (5.8%) 

2.72    (73.7%) 

0.147  (5.0%) 

2.74    (71.4%) 

Bone 
Surfaces 

0.950  (35.2%) 

0.290  (7.9%) 

1.05    (35.5%) 

0.410  (10.7%) 

Red 

Marrow 

0.760  (28.1%) 

0.362  (9.8%) 

0.845  (28.5%) 

0.328  (8.5%) 

Liver 

0.526  (19.5%) 

0.205  (5.6%) 

0.567  (19.2%) 

0.226  (5.9%) 

Gonads0 

0.280  (10.4%) 

0.104  (2.8%) 

0.318  (10.7%) 

0.120  (3.1%) 

Total  Riskd 

2.70    (99.0%) 

3.69    (99.8%) 

2.96    (98.9%) 

3.84    (99.6%) 

Notes:  Values  are  based  on  product  of  dose  factors  from  Eckerman  et  al.  (1988)  for 

working  adult  male  (presented  in  Table  1-1)  and  organ  risk  factors  from  ICRP  Pub.  60 

(1991a,  Table  B.20).  Values  in  parentheses  represent  percent  contribution  of  respective 

organs  to  the  total  risk. 

a  Values  for  Am-241  compounds  are  approximately  equal  to  values  for  class  W  Pu-238. 

b  Values  for  Pu-240  are  equal  to  values  for  Pu-239  (for  respective  classes). 

;  Risk  of  severe  genetic  effects  for  gonads.  Risk  of  fatal  cancer  for  other  organs. 

d  Total  risk  includes  contributions  from  other  organs  (e.g.,  stomach,  bladder,  breast,  etc.) 

not  listed  in  the  table.  Parenthetical  values  represent  the  percent  contribution  from 

organs  listed  in  the  table. 


In  summary,  the  above  discussion  indicates  that  inhalation  of  radioactive  aerosols 
introduces  risks  to  the  lungs  as  well  as  to  other  body  organs.  Traditional  methods  provide 
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only  point,  deterministic  predictions  of  organ  dose/risk,  not  information  on  the  uncertainty 
in  these  quantities.  Regardless  of  which  organs  acquire  higher  risks  after  an  inhalation 
intake,  uncertainties  in  respiratory  tract  models  are  important  and  affect  dose  and  dose- 
based  risk  predictions.  For  certain  inhaled  radionuclides  which  pose  the  greatest  risk  to 
lung  tissues  (e.g.,  the  class  Y  transuranics  listed  in  Table  1-1),  uncertainties  in  all  aspects 
(i.e.,  deposition,  clearance,  and  dosimetry)  of  the  respiratory  tract  model  are  potentially 
important.  For  inhaled  radionuclides  that  pose  greater  risks  to  tissues  other  than  the  lungs 
(e.g.,  class  W  transuranics  listed  in  Table  1-1),  uncertainties  in  the  deposition  and 
clearance  aspects  of  the  respiratory  tract  model  are  nonetheless  important  because  they 
influence  the  amounts  of  radioactivity  that  reach  these  tissues.  In  the  present  study,  the 
focus  is  only  on  uncertainty  in  radiation  dose  to  the  lungs.  However,  the  methodology 
developed  can  also  be  useful  for  quantifying  uncertainties  in  other  organ  doses  (inasmuch 
as  they  are  influenced  by  the  lung  model). 

1 .2.3.  Advantages  and  Disadvantages  of  the  Reference-Man  Approach 

As  discussed,  the  reference-man  approach  for  dose  assessment  results  in  single, 
quantitative  (deterministic)  dose  estimates  for  a  given  intake  scenario.  In  many 
circumstances  such  an  approach  is  adequate  and  useful.  For  example,  the  following 
situations  are  well  served  by  this  approach:  (1)  if  the  purpose  of  the  dose  assessment  were 
simply  to  demonstrate  compliance  with  radiation  protection  standards  and  regulatory 
limits  or,  (2)  if  the  purpose  of  the  assessment  were  to  perform  screening  calculations  in 
order  to  identify  doses  (and  dose  pathways)  which  might  result  in  serious  health  effects. 
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However,  if  the  dose  assessment  study  were  being  performed  to  assess  actual  radiological 

health  risks  either  to  an  exposed  individual  or  to  an  exposed  population  group  (e.g.,  as  in 
radiation  litigation  cases  or  epidemiological  studies),  it  is  difficult  to  justify  the  reference- 
man  approach  (depending  on  the  magnitude  of  the  predicted  risks).  Individual  and 
population-wide  tissue  doses  might  differ  significantly  from  typical  doses  based  on  the 
reference-man  methodology.  In  the  former  case,  an  exposed  individual  would  likely  differ 
from  reference  man  with  respect  to  anatomical  and  physiological  characteristics.  In  the 
latter  case,  the  problem  is  that  the  reference-man  approach  does  not  address  the  biological 
variabilities  among  individuals  in  a  population  group.  Additionally,  the  reference-man 
approach  does  not  include  uncertainties  due  to  lack  of  knowledge  regarding  model 
parameters. 

A  number  of  major  studies  are  underway  in  the  United  States  whose  tasks  are  to 
assess  radiation  doses  and  risks  to  population  groups  exposed  to  past  releases  of 
radioactive  and  hazardous  materials  from  nuclear  weapons-related  production  and  testing 
sites.  Facilities  under  study  include  the  U.S.  Department  of  Energy  Hanford  Site  in 
Washington,  Rocky  Flats  Plant  in  Colorado,  Savannah  River  Site  in  South  Carolina,  and 
Oak  Ridge  National  Laboratory  in  Tennessee,  among  others.  A  difficult  issue  that  all  of 
these  studies  face  is  one  of  incorporating  uncertainties  in  dose  and  risk  estimates.  Some  of 
these  studies  have  attempted  to  include  uncertainties  in  environmental  transfer  models 
(e.g.,  PNL,  1991a,  1991b;  1991c);  however,  none  have  conducted  a  detailed  examination 
of  the  uncertainties  in  human  biological  models  (describing  the  fate  of  the  radionuclide 
after  it  enters  the  body).  It  would  be  beneficial  to  know  whether  variabilities  in  predicted 
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dose  attributable  to  uncertainties  in  the  human  biological  models  are  negligible  compared 

to  variabilities  in  dose  attributable  to  uncertainties  in  environmental  transfer  models  (i.e., 
uncertainties  in  source-term,  atmospheric/hydrogeologic  dispersion,  and  terrestrial/aquatic 
food-chain  models). 

1.3.  Previous  Work 

Upon  conducting  a  literature  search  for  previous  work,  three  studies  were  found 
which  dealt  with  uncertainties  in  inhalation  radiation  doses  attributable  to  human 
respiratory  tract  models  and  associated  parameters.  Uncertainties  have  been  examined 
for:  (1)  the  effective  dose  (to  whole  body)  due  to  inhaled  U-238,  Th-230,  Ra-226,  and  Pb- 
210  (Wise,  1985),  (2)  dose  to  basal  cells  of  the  bronchial  epithelium  due  to  inhalation  of 
radon  decay  products  (Hofmann  and  Daschil,  1986),  and  (3)  dose  to  the  lungs  due  to 
inhalation  of  radon  decay  products  based  on  the  revised  ICRP  lung  model  (Birchall  and 
James,  1994). 

Based  on  measured  deposition  data  from  human  experiments  by  Chan  and 
Lippman  (1980)  and  Yu  et  al.  (1981),  Wise  (1985)  examined  uncertainties  in  the  fitting 
parameters  of  empirical  equations  used  to  predict  particle  deposition  in  the  respiratory 
tract.  These  uncertainties  were  propagated  through  the  dose  methodology  recommended 
in  ICRP  Publication  30  (1979)  to  obtain  uncertainty  bounds  for  committed-effective-dose 
equivalents  (i.e.,  dose  integrated  over  50  years  post  intake)  for  a  number  of  selected 
inhalation  scenarios.  Uncertainties  in  organ  committed  dose  to  the  lung  were  not 
presented;  only  the  committed  effective  dose  to  the  whole  body.  Selected  statistics  and 
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uncertainty  limits  were  tabulated  for  a  number  of  particle  aerodynamic  diameters, 

radionuclides,  and  solubility  classes.  Wise  did  not  directly  account  for  stochastic 

variabilities  in  the  input  parameters  of  the  lung  deposition  model  such  as  airway 

dimensions,  tidal  volumes,  ventilation  rates,  etc.  Wise's  study  also  neglected  uncertainties 

in  the  clearance  aspect  of  the  lung  dose  model.  Furthermore,  variability  in  parameters 

involved  in  systemic  and  excretion  models  for  anatomical  and  physiological  systems 

beyond  the  respiratory  tract  were  not  included.  Thus,  the  extent  of  the  uncertainty  in 

effective  dose  was  under-estimated. 

With  the  above  limitations,  Wise  found  that  uncertainties  in  deposition  model 
predictions  lead  to  committed  effective  dose  equivalents  whose  lower  and  upper  95% 
confidence  limits  differed  by  less  than  a  factor  of  about  10.  If  a  log-normal  distribution  is 
assumed  for  dose  predictions,  this  factor  corresponds  to  a  geometric  standard  deviation, 
GSD,  of  about  1.8  (i.e.,  101/4).  Ratios  of  the  upper  95%  confidence  bound  to  the  lower 
95%  bound  have  been  determined  from  results  tabulated  by  Wise  and  are  plotted  in  Figure 
1-2.  This  plot  represents  a  working  adult  male  breathing  (20  L/min)  entirely  through  the 
nose.  The  ratio  for  the  two  largest  particle  sizes  (5  and  6  urn)  are  not  shown  for  U-238 
since  the  lower  95%  confidence  limits  were  zero  for  these  conditions.  Wise  also  reported 
data  for  mouth  breathers;  the  ratios  obtained  were  slightly  less  than  for  nose  breathers. 
While  these  results  were  important  as  a  first  attempt  to  quantify  uncertainties  in  inhalation 
dose  coefficients,  they  are  incomplete. 

Hofmann  and  Daschil  (1986)  performed  a  parameter  uncertainty  analysis  on  the 
respiratory  tract  models  for  radon  progeny  (Hofmann,  1982a,  1982b)  in  order  to  derive 
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Figure  1-2.  Ratio  of  upper  to  lower  95%  confidence  bounds  for  committed  effective  dose 
equivalent  per  intake  for  adult  male  workers.  Based  on  results  from  Wise  (1985).  The 
ratio  is  undefined  for  the  largest  two  diameters  (5  and  6  urn)  of  U-238  because  the  lower 
bound  was  reported  as  zero. 


distributions  in  radiation  dose  to  the  basal  cells  of  various  airway  generations  of  the 
bronchial  epithelium.  For  the  target  cells  considered  (basal  cells),  Hofmann  and  Daschil 
examined  uncertainty  in  more  detail  than  Wise  (1985)  by  accounting  for  variabilities  in  a 
number  of  model  input  parameters  (including  deposition  fractions,  total  surface  area  of 
bronchial  generations,  amount  of  inhaled  activity,  mucociliary  clearance  rates, 
translocation  rates  to  blood,  and  basal  cell  depths). 

However,  the  authors  did  not  examine  uncertainties  in  radiation  doses  arising  in 
the  pulmonary  region  of  the  lungs.  Furthermore,  doses  were  only  examined  for  individual 
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basal  cells  as  the  targets.  While  dose  at  the  cellular  level  is  of  interest,  the  approach 

adopted  in  the  revised  ICRP  lung  model  (ICRP,  1994)  is  to  compute  average  doses  for 
critical  tissues  (composed  of  many  critical  cells).  The  authors  found  that  doses  to  basal 
cells  of  the  bronchial  epithelium  under  specified  conditions  were  approximately 
lognormally  distributed  and  that  the  50%  and  99%  fractiles  differed  by  about  a  factor  of 
five  depending  on  the  tracheobronchial  generation.  This  value  corresponds  to  a  GSD  of 
about  two.  This  dispersion  is  similar  to  that  which  can  be  deduced  from  results  of  the 
study  by  Wise  (1985). 

Birchall  and  James  (1994)  recently  performed  an  uncertainty  analysis  of  the 
effective  dose  per  unit  exposure  from  radon  progeny  using  the  revised  ICRP  lung  model 
(ICRP,  1994).  This  model  is  also  used  to  conduct  the  present  study.  The  primary 
purpose  of  their  study  was  to  reconcile  dose  factors  derived  from  the  revised  lung  model 
with  those  derived  from  epidemiological  estimates.  The  study  was  performed  for  a 
working  male  with  median  ventilation  rate  of  20  L/min.  Uncertainties  were  included  for 
aerosol  size  characteristics,  ventilation  rate,  deposition  and  clearance  factors,  source  and 
target  layer  dimensions,  and  regional  risk-apportionment  factors  (discussed  later  in 
Chapter  2),  among  other  variables.  Here  Birchall  and  James  found  that  model  predictions 
were  influenced  largely  by  the  choice  of  values  for  the  regional  risk-apportionment  factors. 
Results  indicated  that  effective  dose  per  unit  radon  progeny  exposure  varied  over  about 
one  order  of  magnitude  based  on  parameter  distributions  selected. 

While  the  study  by  Wise  (1985)  did  produce  results  of  a  useful  form  for  whole- 
body  dose  assessment  activities,  the  results  are  incomplete  since  uncertainties  only 
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pertained  to  the  lung  deposition  portion  of  the  dose  model.  Hofmann  and  Daschil  (1986) 

produced  results  which  accounted  for  more  detail  in  the  uncertainty  and  variability  of  lung 

model  parameters  but  did  not  examine  uncertainties  in  doses  to  the  pulmonary  region  of 

the  lungs.  Consequently,  it  is  difficult  to  apply  results  of  that  study  to  class  Y  materials 

such  as  plutonium  oxides  where  a  relatively  large  dose  is  expected  to  be  delivered  to  the 

pulmonary  region  of  the  lungs.  The  study  by  Birchall  and  James  (1994)  included 

parameter  uncertainties  in  the  revised  ICRP  lung  model  but  focused  strictly  on  radon 

progeny.  Furthermore,  all  of  the  above  studies  were  performed  for  working  reference 

man—not  for  other  variants  of  the  population  (i.e.,  other  age  and  gender  groups). 

1.4.  Description  of  Present  Study 

1.4.1.  Assessment  Problem  Addressed 

According  to  the  IAEA  (1989),  the  reliability  of  model  predictions  can  only  be 

properly  examined  within  the  context  of  a  well-defined  assessment  problem.  The 

assessment  problem  of  interest  throughout  this  study  was  the  following: 

Determine  the  assessed  quantity  (per  unit  activity  exposure,  i.e.,  per  Bq-hr/m3)  to 
an  unspecified  individual  in  a  population  group  exposed  under  the  following 
scenario: 

(a)  specified  age/gender  of  the  population  group, 

(b)  specified  exertion  level  (resting,  sitting,  light  exertion,  or  heavy  exertion)  of 
the  population  group, 

(c)  specified  radionuclide/chemical  form, 

(d)  specified  aerosol  activity-size  distribution  (including  related  parameters  such  as 
particle  mass  density  and  particle  shape  factor,  defined  in  section  2.5), 

(e)  specified  dose  integration  time, 

(f)  specified  ambient  temperature  and  barometric  pressure  over  exposure  duration. 
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The  term  assessed  quantity  in  the  above  assessment  problem  serves  simply  as  a 
placeholder  for  text  describing  specific  quantities  of  interest  in  this  study.  Table  1-3  lists 
the  assessed  quantities  and  scenario  information  which  were  investigated  in  the  present 
research.  Quantities  of  interest  included  (1)  the  fraction  of  inhaled  radioactivity  that 
deposits  in  various  respiratory  tract  (RT)  regions,  (2)  the  total  number  of  radionuclide 
transformations  that  occur  in  various  RT  source  components  as  functions  of  time,  and  (3) 
the  radiation  dose  delivered  to  various  RT  target  tissues  for  a  specified  dose  integration 
time.  For  item  (3),  the  assessed  quantity  corresponds  to  a  dose  conversion  factor, 
expressed  per  unit  activity  exposure  (i.e.,  an  exposure-to-dose  conversion  factor,  or 
EDCF).  These  assessed  quantities  are  discussed  in  more  detail  in  Chapter  2. 


Table  1-3.  Specific  information  related  to  the  assessment  question  and  scenarios 
considered  in  this  study. 


Radionuclide/ 
Chemical  Form 

Exertion  Level 

Population 
Age  (years)3 

Assessed  Quantityb 

B9+240PuO2 

Resting  (Sleeping) 
Sitting  (Awake) 
Light  Exertion 
Heavy  Exertion 

2 
5 

10 
15 

Deposition  Fraction 

(activity  deposited  in  RT 

regions) 

18-24 

Number  of  Transformations 

25-34 
35-44 

(in  RT  source  components) 

45-54 
55-64 

Equivalent  Dose 
(to  RT  target  regions) 

Equivalent  Dose 
(to  lung:  weighted  sum) 

a  Both  males  and  females  have  been  considered  at  these  ages. 

b  Quantities  assessed  in  this  study  pertain  to  respiratory  tract  regions  or  to  combinations  of 

regions;  other  organs/tissues  are  not  examined.  Assessed  quantities  and  respiratory 

tract  regions  are  discussed  in  detail  in  Chapter  2. 
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Since  this  assessment  problem  addresses  unspecified  individuals  within  a 

population  group,  it  possesses  a  probabilistic  rather  than  deterministic  answer.  In  other 

words,  stochastic  variability  exists  in  the  assessed  quantity  among  unspecified  individuals 

in  the  population  group.  Therefore,  the  answer  to  the  assessment  question  should  be 

represented  by  a  probability  density  function  (distribution)  rather  than  a  single  number. 

In  performing  demonstration  calculations  in  this  study,  the  scope  of  the  assessment 

problem  has  been  narrowed  to  include  only  inhaled  Pu02-laden  aerosols  with  radionuclides 

Pu-239  and  Pu-240.  These  particular  radionuclides/chemical  form  was  selected  to  support 

a  dose  reconstruction  study  underway  by  the  Colorado  Department  of  Public  and 

Environmental  Health.  One  purpose  of  that  study  is  to  predict  population  risks  arising 

from  historical  releases  of  plutonium  from  the  Rocky  Flats  Plant  (a  facility  that  produces 

and  stores  nuclear  weapons  components  and  is  located  about  20  from  downtown  Denver, 

Colorado).  '   +240PuO2  emits  primarily  alpha  particles  and  is  relatively  insoluble  in  lung 

fluids;  also  as  shown  by  predictions  in  Table  1-2,  this  material  (depending  on  the 

magnitude  of  the  intake)  can  result  in  potentially  large  risks  to  the  lungs.  As  further 

limitation  on  the  work,  aerosol  particles  were  assumed  to  be  non-hygroscopic  (i.e., 

particles  do  not  increase  in  size  upon  entering  saturated  conditions  of  the  respiratory  tract) 

1.4.2.  Units  of  Exposure 

Traditional  methods  have  predicted  inhalation  dose  conversion  factors  per  unit 
intake,  where  the  intake  represents  the  amount  of  radioactivity  inhaled.  However,  in  the 
assessment  question  defined  above,  the  intake  possesses  stochastic  variability  among 
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individuals  of  the  exposed  population.  In  order  to  account  for  these  variabilities,  an 
improved  reference  unit  for  dose  predictions  is  the  activity  exposure,  A&  defined  earlier. 
At  least  three  reasons  exist  for  expressing  dose  factors  per  unit  activity  exposure 
rather  than  per  unit  activity  intake.  First,  in  assessing  doses  to  humans  from  inspirable 
radionuclides  released  to  the  environment,  atmospheric  dispersion  models  are  usually 
implemented  to  estimate  airborne  activity  concentration,  i.e.,  Ca(t)  in  Bq  m"3  at  specific 
locations.  By  expressing  dose  factors  in  terms  of  activity  exposure  rather  than  intake,  a 
more  efficient  coupling  of  the  results  of  dispersion  models  and  inhalation  dose  factors  can 
be  achieved.  If  dose  factors  were  per  unit  intake,  one  would  still  need  to  determine  the 
inhalation  intake  in  order  to  use  the  dose  factor. 

Second,  intake  depends  on  the  human  ventilation  rate  which  is  influenced  by 
biological  variability  and  lifestyle  habits  among  members  of  a  population.  It  is  desirable  in 
this  study  to  account  for  variability  in  ventilation  (  and  subsequently  the  intake)  as  a 
contributor  to  uncertainties  in  dose  factors.  The  activity  exposure,  A*  is  not  influenced 
by  the  ventilation  rate. 

Third,  the  ventilation  rate  is  a  parameter  in  the  deposition  component  of  the  lung 
dose  model  (it  is  proportional  to  the  average  inspiratory  flow  rate);  so  the  dose  coefficient 
(expressed  per  unit  intake)  is  correlated  with  the  intake  since  both  are  mutually  dependent 
on  ventilation  rate.  Therefore,  in  this  study  inhalation  dose  coefficients  were  derived  per 
unit  activity  exposure  and  have  units  of  Sv  per  Bq  hrm"3. 
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1 .4.3 .  Summary  of  the  Research  Approach 

As  discussed  in  the  opening  section  of  this  chapter,  the  reliability  of  model 
predictions  is  affected  by  several  uncertainties  introduced  through  the  modeling  process. 
This  study  examined  the  uncertainty  in  model  predictions  attributable  to  parameter 
uncertainties.  The  respiratory  tract  model  issued  recently  by  the  ICRP  (1994)  was 
selected  to  perform  this  study.  The  study  was  divided  into  three  phases:  I,  II,  and  III. 

Phase  I  involved  development  of  a  computer  program  to  implement  the  adopted 
respiratory  tract  model  and  to  couple  the  model  with  existing  numerical  random  sampling 
programs.  The  program  developed  in  this  work  accounts  for  all  aspects  of  the  RT  model, 
including  particle  deposition,  clearance,  and  radiation  dosimetry.  An  existing  program  that 
performs  Latin  hypercube  sampling  (Iman  and  Shortencarier,  1984)-which  is  a  form  of 
random  number  sampling  used  to  select  values  for  the  model  parameters  from  their 
respective,  assigned,  probability  distributions-was  coupled  with  the  program  for  solving 
the  respiratory  tract  model.  Sampled  model  parameter  values  are  combined  to  form  input 
vectors  (or  realizations)  which  are  propagated  through  the  model  to  produce  numerical 
distributions  in  model  predictions.  An  overview  of  the  RT  model,  and  the  techniques 
implemented  to  solve  it,  are  provided  in  Chapter  2  and  related  appendices.  Techniques 
employed  in  this  study  for  generating  random  samples  of  the  joint  probability  density 
function  for  the  combined  ranges  of  all  parameters  for  propagating  parameter  uncertainties 
through  the  model  structure  are  discussed  in  Chapter  3.  That  chapter  also  presents 
techniques  used  to  examine  parameter  sensitivities  in  the  model  predictions. 
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Phase  II  of  the  study  involved  quantifying  uncertainties  and  variabilities  in 

respiratory  tract  model  parameters.  Some  of  the  general  concepts  involved  in  this  phase 
of  the  study  are  discussed  in  Chapter  3.  Based  on  an  extensive  literature  review,  Chapter 
4  presents  the  specific  parameter  distributions  adopted  to  perform  uncertainty  analyses  in 
this  study.  This  phase  of  the  work  was  necessarily  tedious  since  approximately  seventy 
input  parameters  were  assigned  distributions  in  the  RT  model.  Although  many  of  these 
parameters  were  not  primary  input  parameters,  they  were  needed  in  order  to  account  for 
correlations  between  and  restrictions  on  the  primary  model  parameters.  Most  of  the 
parameter  distributions  presented  in  Chapter  4  are  independent  of  radionuclide  and 
chemical  form;  so  techniques  developed  in  this  study  could  be  applied  with  minimal  effort 
to  other  radionuclides/forms.  For  example,  except  for  hygroscopic  materials,  all 
parameters  related  to  the  deposition  component  of  the  model  are  generally  independent  of 
radionuclide  and  physico-chemical  form.  For  the  clearance  model,  only  the  parameters 
related  to  dissolution  and  absorption  clearance  processes  and  the  radioactive  decay 
constant  depend  on  the  radionuclide/form.  For  the  dose  model,  all  source  and  target 
geometrical  dimensions  are  independent  of  nuclide/form;  however,  energy  deposition 
computations  do  depend  on  the  radionuclide  decay  scheme  (radiation  types,  frequencies, 
and  energies). 

Phase  III  of  the  study  involved  application  of  the  computational  methodology 
(developed  in  Phase  I)  and  recommended  parameter  distributions  (developed  in  Phase  II) 
to  various  assessment  scenarios  (i.e.,  substitution  of  entries  in  Table  1-3  into  the 
assessment  problem  model).  These  scenarios  involved  inhalation  exposures  to  plutonium 
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oxide  aerosols  by  various  population  groups  specified  by  age  and  gender.  Equivalent 

doses  to  lung  tissues  and  an  overall,  combined  lung  dose  were  examined  for  various 

particle  sizes.  This  final  phase  also  included  sensitivity  analyses  with  the  primary  model 

parameters  to  determine  which  parameters  contributed  most  to  the  uncertainty  in 

equivalent  dose  predictions  for  the  lungs.  The  results  of  these  activities  are  presented  in 

Chapter  5.  Chapter  6  presents  a  summary  of  the  work,  important  conclusions  and 

recommendations,  and  suggests  future  research  to  expand  the  methodology  and  the  body 

of  knowledge  concerning  uncertainties  in  human  biological-radiological  dosimetry  models. 


CHAPTER  2 
METHODS  FOR  RESPIRATORY  TRACT  MODELING 


2.1.  Introduction 
In  this  study,  parameter  uncertainty  analyses  have  been  conducted  with  the  new 
respiratory  tract  model  recommended  by  the  International  Commission  on  Radiological 
Protection  (ICRP,  1994).  The  National  Council  on  Radiation  Protection  and 
Measurements  (NCRP,  1993)  has  also  been  working  to  issue  guidance  on  respiratory  tract 
modeling  (independently  of  the  ICRP).  However,  a  comparison  of  the  two  models  (see 
Appendix  A)  revealed  difficulties  in  implementing  the  NCRP  model  in  the  numerical 
strategy  employed  by  this  study-which  required  solving  the  model  repetitively  and 
efficiently.  In  this  study,  Monte  Carlo  techniques  have  been  employed  to  treat  model 
parameters  as  random  variables  within  the  computational  model  recommended  by  the 
ICRP  (these  techniques  are  discussed  in  Chapter  3).  The  purpose  of  the  current  chapter  is 
to  provide  an  overview  of  the  components  of  the  new  ICRP  respiratory  tract  model  and  to 
outline  the  computational  techniques  for  solving  these  components.  A  complete 
description  of  the  model  can  be  found  in  ICRP  Publication  66  (ICRP,  1994). 

Although  generally  cited  as  a  single  entity,  a  respiratory  tract  model  for  dose 
assessment  involves  a  number  of  component  models  arising  from  many  specialized  areas 
of  study.  As  illustrated  in  Figure  2-1,  the  overall  model  can  be  divided  into  three  primary 
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components-deposition,  clearance,  and  dosimetry  models.  Each  component  involves  a 

number  of  input  parameters  which  can  depend  on  the  exposure  scenario.  Topics  which 
must  be  considered  in  developing  the  conceptual  and  computational  models  for  the 
respiratory  tract  and  in  quantifying  associated  input  parameters  include  respiratory  tract 
morphology,  radiation  biology,  and  respiratory  physiology.  In  this  context,  morphology 
refers  to  the  anatomy  and  structure  of  the  airways  and  associated  tissues;  radiation  biology 
involves  identification  and  sensitivities  of  various  critical  (target)  cells  in  the  respiratory 
tract;  and  respiratory  physiology  involves  the  functions  and  dynamics  of  the  airways  and 
associated  tissues.  Aerosol  particle  size  characteristics  must  also  be  considered  since  they 
affect  deposition  mechanisms. 


User  In  put  Parameters 


Radiation  Dose  Estimates 


Respiratory  Tract  Model 


Deposition  Model: 
(aerosol  properties,  particle 
impaction,  sedimentation, 
and  diffusion  mechanisms) 


(Deposition  Fractions) 


Clearance  Model: 
(biological  removal/retention 
radioactive  decay  processes) 


(Total  Transformations/Rates  per  Source  Region) 


Dosimetric  Model: 
(radioactive  decay, 
type  and  energy  of  emissions, 
source-target  geometries) 


Figure  2-1 .  Components  of  a  respiratory  tract  dosimetry  model. 
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Particles  deposit  on  airway  walls  by  several  interacting  mechanisms  including 
inertial  impaction,  gravitational  sedimentation,  Brownian  diffusion,  interception,  and 
electrostatic  attraction.  The  efficiencies  of  these  deposition  processes  depend  on  a  number 
of  parameters  including:  particle  physical  characteristics  (e.g.,  aerodynamic  diameter,  mass 
density,  shape  factor,  and  diffusion  coefficient),  airway  diameters  and  lengths,  airway 
branching  and  gravitational  angles,  tidal  volume,  functional  residual  capacity,  and 
ventilation  rate.  Due  to  particle  physical  characteristics  and  air  flow  patterns  in  the  lung, 
one  or  more  of  the  above  deposition  mechanisms  can  dominate  in  various  regions  of  the 
respiratory  tract.  Deposition  generally  does  not  depend  on  the  radionuclide  or  its 
chemical  form  (except  for  hygroscopic  materials).  Predictions  of  the  deposition 
component  of  the  respiratory  tract  model  include  the  fractions  of  inhaled  activity  which 
deposit  in  various  respiratory  tract  regions.  These  deposition  fractions  are  subsequently 
inputs  to  the  clearance  model. 

Clearance  of  deposited  materials  refers  to  their  biological  and  radiological  removal 
from  the  respiratory  tract.  Three  primary  mechanisms  exist  for  biological  clearance  in  the 
respiratory  tract:  (1)  mucociliary  clearance  of  material  to  the  gastrointestinal  tract,  (2) 
phagocytosis  by  alveolar  macrophages  followed  by  subsequent  translocation  to  lymph 
nodes  or  to  the  mucociliary  escalator,  and  (3)  dissolution  of  material  accompanied  by 
absorption  to  airway  tissues  and/or  to  the  blood  circulatory  system.  When  the  material  is 
radioactive  a  fourth  removal  mechanism  exists-radioactive  decay.  Depending  on  the 
region  of  deposition  and  the  physico-chemical  form  of  the  deposited  material,  various 
clearance  mechanisms/patterns  can  occur.  To  model  clearance,  the  respiratory  tract  is 
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compartmentalized  and  is  traditionally  described  by  a  system  of  first-order,  linear 

differential  equations  with  respect  to  time.  Except  in  very  unique  circumstances, 

deposition  and  clearance  models  are  not  intended  solely  for  radioactive  materials.  From 

both  a  biological  and  mathematical  perspective,  the  only  difference  between  a  radioactive 

and  non-radioactive  material  with  respect  to  deposition  and  clearance  is  the 

accommodation  of  radioactive  decay  as  one  removal  mechanism.  Two  predictions  are 

generally  of  interest  for  the  clearance  model  as  applied  to  inhaled  radionuclides.  One  is 

the  total  number  of  radioactive  transformations  (or  disintegrations)  that  occur  in  individual 

model  compartments  over  a  specified  integration  time;  the  other  is  the  transformation  rate 

(or  activity)  of  the  radionuclide  in  individual  model  compartments  at  a  specified  time.  The 

latter  model  prediction  is  related  to  the  radiation  dose  rate  while  the  former  is  related  to 

the  radiation  dose  (i.e.,  the  time-integrated  dose  rate). 

The  dosimetry  component  of  a  respiratory  tract  model  is  unique  to  radioactive 

materials.  The  radiation  dose  rate  attributable  to  short-range  radiation  types  (e.g.,  alpha 

particles,  beta  particles,  and  electrons)  is  directly  related  to  the  amount  of  radioactivity 

present  in  lungs;  this  activity  is  determined  by  solving  the  clearance  model  for  the  intake 

scenario  of  concern.  For  gamma  rays  and  other  penetrating  radiation  types,  activity  in 

other  body  organs  can  also  contribute  to  the  lung  dose.  The  radiation  dose  is  the  integral 

of  the  dose  rate  over  time  and  is  related  to  the  total  number  of  radioactive  transformations 

that  occur  in  organs  in  the  specified  time  interval.  The  dosimetry  aspect  depends  on  the 

radionuclide  since  different  decay  schemes  (radiation  types,  frequencies,  and  energies)  are 

characteristic  of  different  radionuclides.  Furthermore,  for  short-range  radiations,  the  dose 
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to  critical  lung  tissues  is  very  sensitive  to  the  source-target  geometry.  This  geometry 

refers  to  the  spatial  relationship  between  tissues  that  contain  the  radioactive  material 

(source  regions)  and  tissues  that  contain  the  critical  cells  (target  regions). 

2.2.  Development  of  Respiratory  Tract  Dose  Models 
A  brief  summary  of  the  evolution  of  the  model  used  in  this  study  has  been  given  by 
the  ICRP  (1994).  The  first  coherent  model  integrating  respiratory  tract  deposition, 
clearance,  and  dosimetry  was  issued  in  ICRP  Publication  2  (ICRP,  1960).  Prior  to  that 
publication,  discussions  and  recommendations  concerning  respiratory  tract  dosimetry  were 
made  at  various  conferences,  such  as  the  Tripartite  Conferences  on  Radiation  Protection 
held  from  1949-1953  (Taylor,  1983).  The  model  reported  in  ICRP  Publication  2  assumed 
that,  lacking  specific  data,  75%  of  inhaled  aerosol  particles  would  deposit  in  the 
respiratory  tract  (50%  deposited  in  upper  airways;  25%  deposited  in  the  lungs;  and  25% 
was  exhaled).  Concerning  clearance,  the  model  classified  materials  as  either  soluble  or 
insoluble.  Soluble  materials  that  deposited  in  the  lungs  were  assumed  to  be  absorbed 
completely  (by  the  blood)  and  translocated  to  other  body  tissues.  For  insoluble  materials 
that  deposited  in  the  lungs,  half  of  the  material  was  assumed  to  clear  (to  the  GI  tract)  with 
a  biological  half  time  of  24  hours  (presumably  to  the  GI  tract);  the  other  half  was  assumed 
to  clear  with  a  biological  half  time  of  120  days  (radiological  decay  would  affect  the  overall 
clearance  time). 

In  1966,  a  revised  lung  model  was  published  (TGLD,  1966)  by  the  ICRP  Task 
Group  on  Lung  Dynamics.  A  slightly  modified  version  of  this  model  was  ultimately 
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published  by  the  ICRP  in  Publication  30  (ICRP,  1979).  Most  of  the  current  annual  intake 

limits  of  radionuclides  for  workers  (e.g.,  USNRC,  1992)  are  based  upon  the  Publication 

30  model,  which  is  a  considerable  improvement  over  the  Publication  2  model.  The  ICRP 

Publication  30  model  divides  the  thoracic  region  of  the  lungs  into  two  regions 

(tracheobronchial  and  pulmonary)  and  includes  a  deposition  model  that  accounts  for 

particle  size  influences.  The  Publication  30  model  incorporates  an  improved  clearance 

model  which  provides  guidance  for  classifying  materials  into  three  (compared  to  only  two 

in  the  former  model)  clearance  classes.  Clearance  to  lymph  nodes,  blood,  and  the 

gastrointestinal  tract  are  all  included  in  the  model.  The  model  is  based  on  an  adult  lung 

morphology  for  deposition  and  on  both  human  and  animal  data  for  clearance  of  materials. 

Dosimetry  calculations  are  based  on  averaging  energy  deposition  over  the  total  lung  mass. 

In  December  of  1994,  the  ICRP  issued  a  new  respiratory  tract  model  as  ICRP 

Publication  66  (ICRP,  1994).  Among  the  reasons  for  revising  the  model  were:  (l)to 

provide  a  means  for  calculating  doses  to  the  nasal  and  oral  passages;  (2)  to  compute  more 

biologically  significant  doses  to  critical  target  regions  rather  than  simply  averaging  dose 

over  the  total  lung  mass;  (3)  to  provide  more  flexibility  for  selecting  various  clearance 

rates  so  that  predicted  clearance  patterns  better  match  observed  patterns;  (4)  to 

incorporate  new  data  on  particle  deposition  below  0. 1  urn  particle  diameter;  (5)  to 

incorporate  new  knowledge  and  data  on  particle  retention  and  clearance  in  various  regions 

of  the  respiratory  tract;  and  (6)  to  construct  a  model  that  applies  to  all  members  of  the 

world's  population  consistent  with  age,  gender,  and  race.  A  principal  feature  of  the 
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revised  lung  model  is  that  the  relative  radio-sensitivities  of  various  respiratory  tract  tissues 
are  taken  into  account  when  combining  regional  doses  to  obtain  an  overall  lung  dose. 

As  discussed  in  the  opening  paragraph,  the  NCRP  (1993)  has  also  been  working, 
independently  of  the  ICRP,  to  issue  new  guidance  on  respiratory  tract  modeling.  Many  of 
the  items  listed  above  for  the  ICRP  Publication  66  model  are  also  addressed  in  the  model 
adopted  in  principle,  but  not  yet  published,  by  the  NCRP.  The  conceptual  and 
computational  models  recommended  by  the  NCRP  and  the  ICRP  (1994)  differ  in  several 
ways.  Differences  exist  in  the  deposition  model  resolution,  specification  of  fractional 
clearance  rates,  and  specification  of  target  regions  in  the  dosimetry  model.  Some  of  these 
differences  between  the  models  are  discussed  in  more  detail  in  Appendix  A. 

2.3.  Respiratory  Tract  Morphological  Model 
The  anatomical  representation  of  the  revised  ICRP  (1994)  respiratory  tract  model 
is  shown  schematically  in  Figure  2-2.  Based  on  structure  and  function,  the  model  divides 
the  respiratory  tract  into  the  following  five  primary  regions: 

(1)  the  extrathoracic  region  comprising  the  anterior  nasal  passages,  ETj, 

(2)  the  extrathoracic  region  comprising  the  posterior  nasal  passages,  larynx,  pharynx  and 

mouth,  ET2, 

(3)  the  bronchial  region,  BB,  comprising  airway  generations  0  through  8  (trachea  through 

the  bronchi), 

(4)  the  bronchiolar  region,  bb,  comprising  airway  generations  9  through  15,  and 

(5)  the  alveolar-interstitial  region,  AI,  comprising  the  first  respiratory  bronchioles  through 

the  alveolar  sacs  and  including  interstitial  connective  tissues. 
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Figure  2-2.  Anatomical  representation  of  the  revised  ICRP  respiratory  tract  model.  The 
respiratory  tract  is  divided  into  five  primary  regions  (ET„  ET2,  BB,  bb,  and  AI)  and  two 
lymph  node  regions  (not  shown).  Reproduced  by  permission  from  ICRP  Publication  66 
(ICRP,  1994,  p.  9). 
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In  addition  two  lymph  node  regions  are  identified  to  represent  the  lymph  nodes  (LNET) 

which  drain  the  extrathoracic  regions  (ET,  and  ET2)  and  the  lymph  nodes  (LN™)  which 
drain  the  thoracic  regions  (i.e.,  BB,  bb,  AI). 

To  account  for  the  morphological  variation  of  the  respiratory  tract  with  respect  to 
age,  gender,  and  race,  scaling  factors  are  used  in  the  deposition  model.  These  factors 
allow  regional  deposition  to  be  computed  for  any  subject  by  scaling  certain  aspects  of  the 
model  based  on  the  ratio  of  subject  airway  dimensions  to  those  of  reference  man.  Scaling 
factors  are  based  on  the  diameters  of  the  trachea  and  airway  generations  8  and  15.  The 
thickness  and  cellular  structure  of  surface  and  epithelial  tissues  in  ET,  BB,  bb,  AI  regions 
are  taken  to  be  invariant  with  age,  gender,  and  body  size;  however  the  surface  area  of  the 
various  airway  regions  does  depend  on  body  size  and  is  accommodated  in  this  study. 

For  ET,  BB,  and  bb  regions,  the  airways  are  modeled  as  cylinders.  Source  and 
target  tissues  residing  within  the  airway  wall  are  considered  to  be  cylindrical  shells.  Figure 
2-3  is  a  schematic  of  the  cross  sectional  view  of  a  typical  airway  wall  for  the  bronchial 
region.  Although  there  are  some  differences  in  thicknesses  and  tissue  layer  structure, 
similar  geometries  are  used  in  the  model  to  represent  bb  and  ET  airway  wall  tissues. 

2.4.  Respiratory  Tract  Deposition  Model 
The  clearance  pattern  and  regional  doses  are  influenced  by  the  amounts  of 
radioactive  material  which  deposit  in  the  various  respiratory  tract  regions.  To  compute 
the  fraction  of  inhaled  radioactivity  which  deposits  in  the  five  broad  respiratory  tract 
regions,  the  basic  approach  of  the  ICRP  (1994)  is  to  model  the  respiratory  tract  as  a  series 
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of  filters,  as  illustrated  in  Figure  2-4.  The  first  filter  in  the  figure  represents  the  inhalability 
of  the  aerosol— discussed  below.  The  other  filters  represent  the  respiratory  tract  regions 
described  above.  Because  deposition  occurs  during  both  inhalation  and  exhalation,  some 
respiratory  regions  appear  more  than  once  in  the  filter  chain. 
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Figure  2-3.  Model  of  airway  wall  in  the  bronchial  (BB)  region.  Targets  in  this  region 
include  secretory  cell  nuclei  and  basal  cell  nuclei.  The  region  is  separated  from  the 
alveolar  interstitium  by  a  layer  of  subepithelial  connective  tissue.  Reproduced  with 
permission  from  ICRP  Publication  66  (ICRP,  1994,  p.  15). 
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Figure  2-4.  Representation  of  the  deposition  component  of  the  revised  ICRP  respiratory 
tract  model.  The  respiratory  tract  is  modeled  as  a  series  of  filters  with  characteristic 
volumes  and  deposition  efficiencies.  After  Figure  8  in  ICRP(1994). 
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Two  pathways  are  considered  for  air  flow  in  and  out  of  the  thoracic  region-the 
nasal  pathway  (i.e.,  air  inhaled  via  the  nose)  and  the  oral  pathway  (i.e.,  air  inhaled  via  the 
mouth).  Both  pathways  can  coexist  during  breathing.  The  fraction  of  air  inhaled  which 
passes  through  the  nose  is  denoted  by  Fn.  These  pathways  are  distinguished  because  the 
nasal  pathway  generally  results  in  more  filtration  of  particles  than  the  oral. 

Each  deposition  region  (or  filter)  possesses  two  characteristic  parameters-its 
volume,  V,  and  its  deposition  (or  filtration)  efficiency,  h.  The  deposition  efficiency 
represents  the  overall  efficiency  of  the  region  for  removing  aerosol  particles  (h  =  1  - 
output/input  particles).  Denoting  the  tidal  volume  of  the  flow  by  VT  and  the  (dead  space) 
volume  of  the/th  filter  by  Vj5  the  volumetric  fraction  of  the  tidal  air  which  reaches  filter./ 
is  given  by: 


1  for  j  =  0 

j-i 


♦,- 


1 

1   -  —  E  V,        for   1    £  j  s  (N  +  l)/2                              o-n 

"l     i-0  V          ' 

V^,  for  (N+3)/2   sjiN 


where  a  value  of  zero  for  j  denotes  the  inhalability  (a  virtual  filter  with  V0  =  0;  discussed 
in  following  paragraph);  N  is  the  total  number  of  filters  (not  counting  inhalability) 
considered  for  the  complete  breathing  cycle  (inhalation  and  exhalation).  Note  that  N  =  9 
for  nose  breathing,  and  N  =  7  for  mouth  breathing.  The  middle  component  of  Eq.  2-1 
represents  the  fraction  of  air  reaching  filtery  during  inhalation.  The  bottom  component 
represents  the  fraction  of  air  reaching  filtery  during  exhalation  and  assumes  that  the 
volume  of  air  traversing  a  filter  during  inhalation  equals  the  volume  during  exhalation. 
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Inhalability  (the  first  "filter"  in  the  chain)  refers  to  the  efficiency  with  which 
particles  of  a  given  diameter  are  able  to  be  inspired  by  the  nose  and  mouth.  Inhalability 
effects  arise  due  to  the  complex  flow  of  particles  around  the  human  head  and  torso  and  is 
important  only  for  particles  with  aerodynamic  diameters  larger  than  about  0.5  urn.  For 
increased  wind  speeds  and  larger  particles,  the  inhalability  can  be  greater  than  one;  this 
effect  is  attributable  to  non-isokinetic  sampling  conditions  of  the  human  head.  Based  on 
the  model  recommended  by  the  ICRP  (1994),  the  inhalability  is  plotted  in  Figure  2-5  as  a 
function  of  the  particle  aerodynamic  diameter.  In  the  deposition  model,  inhalability  can  be 
regarded  as  a  virtual  filter  which  acts  to  remove  particles  from  the  air  before  they  actually 
enter  the  airways. 


h  j  =  1  -  0.5  (1  -  [7.6X10"4  d    2  8  +  l]"1 )  +  l.OxlO*5  U275  exp(0.055d    ) 


U  =  10  m/s 


U  =  5m/s 


U=lm/s 


Figure  2-5.  Inhalability  of  particles  as  a  function  of  the  aerodynamic  diameter  for 
wind  speeds  of  U  =  1,  5,  and  10  m/s. 
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In  this  sequential  filtration  system,  the  indexy  corresponds  to  a  respiratory  tract 

region  as  it  is  encountered  by  air  during  the  respiratory  cycle  (both  inspiration  and 

expiration).  The  fraction  of  material  inhaled  which  deposits  in  filtery,  DEj,  is  given  by  an 

expression  involving  the  filtration  efficiencies,  hj,  of  the  preceding  filters  and  the 

volumetric  correction  factor,  <fc  such  that: 

DEi  =  hj*jH    (1   ~K)       ■  (2-2) 

i-0 

Deposition  in  each  respiratory  region  results  from  both  aerodynamic  and 
thermodynamic  processes.  Aerodynamic  processes  include  inertial  impaction  and 
gravitational  settling;  thermodynamic  processes  include  particle  diffusion  and  Brownian 
motion.  Aerodynamic  deposition  mechanisms  generally  dominate  for  particles  with 
aerodynamic  diameter  larger  than  about  0.2  urn  while  thermodynamic  mechanisms 
dominate  for  particles  less  than  this  size.  The  model  assumes  that  particles  in  the  aerosol 
carry  no  net  charge--i.e.,  electrostatic  deposition  mechanisms  are  not  accommodated. 
Denoting  h«  as  the  aerodynamic  deposition  efficiency  and  h*  as  the  thermodynamic 
deposition  efficiency,  James  et  al.  (1994b)  have  represented  the  combined  deposition 
efficiency  of  region  j  by  the  quadratic  expression: 

hi  =  (K>  ♦  K2?"  ■  (2-3) 

James  et  al.  (1994b)  provide  a  detailed  discussion  of  the  mathematical  expressions 
used  to  estimate  h,,  and  h^  for  the  various  respiratory  tract  regions/filters.  The 
expressions  for  extrathoracic  regions  are  based  upon  regression  analyses  of  experimental 
data  involving  both  persons  (e.g.,  Stahlhofen  et  al.,  1989;  Rudolf  et  al.,  1986)  and  hollow 
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casts  (e.g.,  Swift  et  al.,  1992).  Expressions  for  thoracic  regions  are  based  upon  regression 

analyses  of  deposition  data  predicted  by  an  underlying,  more  sophisticated,  theoretical 
model  developed  by  Egan  and  Nixon  (1985),  Nixon  and  Egan,  1987,  and  Egan  et  al. 
(1989).  The  equations  adopted  by  the  ICRP  (1994)  for  regional  deposition  efficiencies  are 
listed  in  Tables  2-1  and  2-2.  Expressions  presented  in  Table  2-1  are  for  air  inhaled  and 
exhaled  through  the  nose;  those  in  Table  2-2  are  for  air  inhaled  and  exhaled  through  the 
mouth. 

The  primary  difference  between  nose  and  mouth  breathing  is  that  the  anterior  nasal 
passages  (region  ET,)  are  not  part  of  the  flow  pathway  for  mouth  breathing.  The 
equations  apply  over  a  wide  particle  size  range-from  a  0.001  urn  thermodynamic  particle 
diameter  to  a  100  urn  aerodynamic  particle  diameter. 

As  shown  in  Tables  2-1  and  2-2,  the  deposition  model  depends  on  a  number  of 
parameters.  Parameters  required  as  direct  input  to  the  deposition  model  are  listed  along 
with  brief  descriptions  in  Table  2-3.  Reference  values  for  parameters  have  been  presented 
in  ICRP  Publication  66  (ICRP,  1994)  and  are  specified  for  various  age  and  gender 
groups.  Many  of  the  parameters  described  in  Table  2-3  depend  on  other,  more 
fundamental,  parameters  such  as  body  height,  weight,  and  age.  Other  parameters, 
investigated  during  the  course  of  this  work  to  account  for  correlations  between  the  direct 
input  parameters,  are  listed  in  Table  2-4.  Uncertainties  and  variabilities  in  these 
parameters  are  examined  in  detail  in  Chapter  4. 

The  outputs  of  the  deposition  model  are  the  fractions  of  activity  that  deposit  in  the 
various  respiratory  tract  regions-ET,,  ET2,  BB,  bb,  and  Al.  The  deposition  model  does 
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Table  2-3.  Description  of  input  parameters  required  by  the  revised  ICRP  deposition  model. 

Quantity  (units) 

Symbol 

Description/Comments 

Aerodynamic  Diameter 
(fun) 

d» 

Diameter  of  a  unit  density  sphere  with  same  settling 
velocity  as  the  particle  of  interest.  Used  to  quantify 
aerodynamic  deposition  mechanisms  (important  for 
particles  larger  than  about  0.2  urn). 

Thermodynamic 
Diameter  (urn) 

d* 

Diameter  of  spherical  particle  with  same  diffusion 
coefficient  as  the  particle  of  interest. 

Diffusion  coefficient 
(cm2/s) 

D 

Physical  constant  for  particle  characterizing  its 
diffusivity  in  specified  medium  (air  in  this  case); 
depends  on  particle  size,  air  temperature,  and 
pressure,  among  other  quantities.  Used  to  quantify 
thermodynamic  deposition  mechanisms  (important  for 
particles  smaller  than  about  0.2  urn). 

Volumetric  Flow  Rate 
(mL/s) 

vF 

Total  flow  rate  of  air  entering  the  respiratory  tract 
(nasal  +  oral  pathways). 

Nasal  Volumetric 
Flow  Rate  (mL/s) 

vFn 

Flow  rate  for  air  entering  by  nose;  VFn=VF  Fn; 
Fn=  fraction  of  air  inhaled  by  nasal  pathway. 

Oral  Volumetric  Flow 
Rate  (mL/s) 

vFm 

Flow  rate  for  air  entering  by  mouth;  VFm=VF(l-Fn) 

Tracheal  Scaling 
Factor 

SF, 

Scaling  factor  to  relate  regional  deposition  efficiencies 
in  ET  and  BB  regions  of  subject  of  interest  to 
reference  man.  SF,  =  1.65/d0  (d0  =  diameter  of 
trachea  in  subject,  cm). 

Bronchiolar  Scaling 
Factor 

SFb 

Scaling  factor  to  relate  regional  deposition  efficiencies 
in  bb  region  of  subject  of  interest  to  reference  man. 
SFb  =  0. 165/dg  (dg  =  diameter  of  airway  generation  8 
in  subject,  cm). 

Alveolar  Scaling 
Factor 

SFA 

Scaling  factor  to  relate  regional  deposition  efficiencies 
in  AI  region  of  subject  of  interest  to  reference  man. 
SFA=  0.051/d16  (d16  =  diameter  of  generation  16  in 
subject,  cm). 

Residence  time  in 
BB  Region  (sec) 

tB 

Time  constant  for  conduction  of  air  through  BB 
region.  The  ICRP  has  recommended  the  following 
expression  to  compute  tB  from  other  quantities: 
tB  =  VD(BB)  (1+0.5  VT/FRC)/VF 
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Table  2-3  —continued. 


Quantity 


Symbol 


Description/Comments 


Residence  time  in 
bb  Region  (sec) 


Time  constant  for  conduction  of  air  through  bb 
region.  ICRP  has  recommended  the  following 
expression  to  compute  tb  from  other  quantities: 
tb  =  VD(bb)  (1+0.5  VT/FRC)/VF. 


Residence  time  in 
AI  region  (sec) 


Time  constant  for  residence  of  air  in  the  alveolar 
region.  ICRP  has  recommended  the  following 
expression  to  compute  tA  from  other  quantities: 
tA  -  [VT  -  VD]  [1  +  0.5  Vt/FRC]/Vf 
where  VD=  VD(ET)  +  VD(BB)  +  VD(bb). 


Tidal  Volume  (mL) 


VT 


Volume  of  air  inhaled  or  exhaled  per  breath;  depends 
on  temperature  and  saturation  conditions.  Tidal 
volume  is  specified  at  body  temperature,  ambient 
pressure,  and  saturated  with  water  vapor. 


Volume  of  ET  Region 
(mL) 


VD(ET) 


The  (dead  space)  volume  of  the  ET  region  airways 
(anterior  nose  +  oro/nasopharynx+larynx). 


Volume  of  BB  Region 
(mL) 


VD(BB) 


The  (dead  space)  volume  of  the  BB  region  airways 
(trachea  +  airway  generations  1-8). 


Volume  of  bb  Region 
(mL) 


VD(bb) 


The  (dead  space)  volume  of  the  bb  region  airways 
(generations  9  to  15). 


Functional  Residual 
Capacity  (mL) 


FRC 


Volume  of  air  remaining  in  the  lungs  at  the  end  of  a 
normal  exhalation. 
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Table  2-4.  Other  parameters  of  use  in  modeling  particle  deposition  in  the  respiratory  tract. 

Quantity 

Symbol 

Description/Comments 

Age(y) 

A 

Age  of  subject  of  interest  in  years. 

Body  Height  (cm) 

Ht 

Height  of  subject  of  interest. 

Body  Mass  (kg) 

Wt 

Body  mass  (or  weight)  of  subject  of  interest. 

Body  Mass  Index  (kg/m2) 

BMI 

BMI  =  (Wt)/(Ht2) 

Anatomical  Dead  Space 
(mL) 

vD 

Total  volume  of  the  conducting  airways  including 
extrathoracic  region:  VD  =  VD(ET)  +  VD(BB)  +  VD(bb) 

Ventilation  Rate  (L/min) 

vE 

Amount  of  air  inhaled  or  exhaled  per  unit  time. 

Oxygen  Consumption 
Rate  (mL/min) 

V02 

The  amount  of  oxygen  consumed  by  the  body  per  unit 
time. 

Ventilatory  Equivalent 
Ratio 

VQ 

Ratio  of  the  ventilation  rate  to  the  oxygen  consumption 
rate,VQ  =  VE^/02. 

Basal  Metabolic  Rate 
(MJ/day) 

BMR 

Energy  consumption  rate  needed  to  sustain  basic  life 
activities. 

Basal  Multiplier 

Bmuit 

Multiplication  factor  to  relate  the  metabolic  rate  at  a 
specified  exertion  level  to  the  basal  metabolic  rate. 

Oxygen  Consumption 
Factor  (L/kJ) 

H0Xy 

Amount  of  oxygen  needed  to  produce  1  kj  of  energy. 

Vital  Capacity  (mL) 

_ 

VC 

The  amount  of  air  present  in  lungs  at  maximal 
inhalation. 
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not  depend  on  the  total  activity  inhaled,  only  on  the  fraction  of  the  total  activity  that  is 

associated  with  a  given  particle  size.  The  fraction  of  activity  associated  with  given 
particle  sizes  are  quantified  by  the  activity-size  distribution,  where  size  in  this  case  refers 
to  either  the  aerodynamic  diameter  or  the  thermodynamic  particle  diameter.  These 
distributions  are  probability  density  functions  which  express  the  fraction  of  activity 
associated  with  particles  in  an  incremental  size  range.  Generally,  measurements  have 
shown  that  particles  are  log-normally  distributed  with  respect  to  size.  Therefore,  the 
size  distributions  are  usually  characterized  by  a  geometric  mean  aerodynamic  (or 
thermodynamic)  diameter  and  a  geometric  standard  deviation  (GSD).    The  activity 
median  aerodynamic  (or  thermodynamic)  diameter,  denoted  by  AMAD  (or  AMTD)  is 
the  diameter  of  the  particle  for  which  half  of  the  activity  is  associated  with  particles  less 
than  that  diameter. 

The  ICRP  (1994)  has  suggested  four  physical  exertion  levels  be  used  to  classify 
the  physical  activities  of  persons.  The  levels  are:  resting  (or  sleeping),  sitting  awake, 
light  exertion,  and  heavy  exertion.  Based  on  these  four  exertion  levels,  the  ICRP  has 
recommended  age  and  gender-specific  reference  values  characterizing  the  ventilation 
rate,  tidal  volume,  respiratory  frequency,  and  fraction  of  time  spent  in  these  levels.  The 
present  study  considers  all  of  these  parameters  except  the  fraction  of  time  spent  in 
various  levels;  subsequently,  computations  developed  in  this  work  assume  a  subjects  are 
exposed  while  at  only  one  of  these  four  levels  over  the  duration  of  the  exposure.  More 
details  concerning  the  types  of  activities  assigned  to  exertion  levels  in  this  study  are 
given  in  Chapter  4. 
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2.5.  Particle  Size  and  Diffusion  Characteristics 
This  section  presents  some  of  the  relationships  needed  to  compute  parameters  in 
the  deposition  model  which  are  related  to  particle  size.  Most  of  these  relationships  have 
been  discussed  in  more  detail  in  Hinds  (1982).  The  two  parameters  required  by  the 
model  that  depend  on  particle  size  (and  air  temperature  and  pressure)  are  the 
aerodynamic  diameter,  d^,  and  the  particle  diffusion  coefficient,  D.  Other  quantities  that 
are  used  to  relate  these  two  parameters  are  the  equivalent  volume  diameter,  de,  and  the 
thermodynamic  diameter,  d^,,  which  are  discussed  below.  For  a  dispersion-type  aerosol 
(e.g.,  windborne  surface  soil),  the  aerodynamic  diameter  (or  more  generally  the 
distribution  of  aerodynamic  diameters)  would  likely  be  determined  from  measurements, 
for  example,  employing  cascade  impactors.  For  an  aerosol  produced  by  a  chemical 
reaction  (e.g.,  oxidation  processes),  the  thermodynamic  diameter  (or  more  generally  the 
distribution  of  thermodynamic  diameters)  would  likely  be  determined  from 
measurements,  for  example,  employing  graded  screen  arrays  or  diffusion  batteries. 

The  aerodynamic  diameter,  dae,  of  a  particle  (defined  as  the  diameter  of  a  unit 
density  sphere  with  the  same  settling  velocity  as  the  particle)  is  related  to  the  equivalent 
volume  diameter,  de  (defined  as  the  diameter  of  a  sphere  with  the  same  volume  as  the 
particle),  by  the  following  expression: 

pC(<n    11/2 
ZP0C(dJ 
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where  %  is  the  particle  (dynamic)  shape  factor;  p  is  the  mass  density  of  the  particle;  p0  is 
unit  density  (1  g/cm3);  C(de)  and  C(dJ  are  particle  slip  correction  factors  (Hinds,  1982). 
If  d,,  is  given,  de  can  be  computed  from  Equation  2-4. 

The  particle  mass  density  is  difficult  to  measure,  especially  for  aggregates 
(clusters  of  particles  attached  as  a  result  of  thermal  coagulation).  Generally,  if  the 
source  of  the  aerosol  particles  is  known,  the  mass  density  of  the  particulates  is  assumed 
equal  to  the  mass  density  of  the  bulk  material.  James  et  al.  (1994b)  have  suggested  a 
reference  value  of  3  g  cm"3  for  environmental  aerosols  because  it  is  typical  of  many 
natural  materials. 

The  slip  correction  factor  generally  depends  on  air  temperature  and  pressure. 
For  particles  in  the  respiratory  tract  (saturated  air  at  37°C  )  at  atmospheric  pressure  P 
(cm  Hg),  the  slip  factor  has  been  reported  by  James  et  al.  (1994b)  as: 

C(de,P)  =  1 +[13.57 +4.31  exp(-0. 102  Pd^j/fPd  J    .  (2-5) 

The  slip  factor  for  d«,  C(d«),  is  also  computed  with  Equation  2-5  by  replacing  de  with 

The  particle  (dynamic)  shape  factor,  x,  is  the  ratio  of  the  actual  drag  force  on  an 
irregular  particle,  FD,  to  the  drag  force  predicted  by  Stoke's  law,  Fs,  using  the  particle's 
equivalent  volume  diameter,  de; 

F  F 

Fs        3nnude  ' 
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where  T|  is  the  viscosity  of  air  in  the  respiratory  tract  and  u  is  the  particle  velocity.  For  a 

spherical  particle  %  »  1;  typical  values  of  %  range  from  1  to  2  (Hinds,  1982).  Shape 

factors  must  generally  be  determined  experimentally. 

The  diffusion  coefficient,  D  (cm2/s),  for  a  particle  is  estimated  by  the  following 

expression  (Hinds,  1982): 

CCd^kT 
D%        .  (2-7) 

where  k  is  Boltzmann's  constant,  T  is  the  absolute  temperature  (K),  and  d^  is  the 
thermodynamic  diameter  (diameter  of  sphere  with  same  thermal  diffusivity  as  particle  of 
interest).  Consistent  units  must  be  used  for  quantities  in  Equation.  2-7.  Based  on  the 
discussion  in  James  et  al.  (1994b),  the  following  expression  determines  the  value  of  the 
thermodynamic  diameter  to  be  used  in  Equation  2-7  (d^  and  de  in  urn): 


*• 


[  de  for  de>  0.005  fim 

(2-8) 
de[l +3  exp  (-2.20x10 3de)]    for  de<;0.005  jim 


The  lower  portion  of  Equation  (2-8)  is  based  on  recommendations,  by  Ramamurthi  and 
Hopke  (1989),  that  a  correction  be  made  to  Eq.  2-7  for  particles  less  than  about  2  nm. 
A  value  of  5  nm  was  chosen  as  the  application  point  for  their  results  in  this  study,  since 
it  can  be  shown  that  the  error  in  assuming  d^  equals  de  is  less  than  0.01%  for  de  >  5  nm. 
Solving  Eqs.  2-4  and  2-5  for  de  involves  an  iterative  approach  since  the  solution 
cannot  be  obtained  analytically.  James  et  al.  (1994b)  have  recommended  an 
approximate,  initial  solution  by  setting  de  =  dM(x/p)1/2;  convergence  to  the  correct  value 
by  iteration  is  reportedly  rapid  (usually  requiring  less  than  10  iterations). 
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2.6.  Respiratory  Tract  Clearance  Model 
The  clearance  model  adopted  by  the  ICRP  (1994)  is  based  on  an  approach 
introduced  by  Cuddihy  and  colleagues  (Cuddihy,  1976,  1984;  Cuddihy  et  al.,  1979; 
Cuddihy  and  Yeh,  1988).  In  this  approach  clearance  from  various  regions  is  based  on 
competitive  clearance  processes.  In  all  regions  but  the  anterior  nasal  passages,  ET„ 
clearance  is  achieved  (1)  by  mechanical  translocation  processes  (such  as  macrophage 
uptake  and  transport  in  fluids  over  surfaces  by  mucociliary  action  to  the  gastrointestinal 
tract),  (2)  by  transport  to  lymph  nodes,  and  (3)  by  dissolution  and  absorption  to  lung 
tissues  and/or  to  blood.  Radioactive  decay  can  also  be  considered  a  form  of  removal. 
These  processes  compete  to  remove  material  from  various  regions.  In  the  anterior 
extrathoracic  region  (ET,)  material  is  removed  by  external  pathways  (such  as  nose 
blowing,  sneezing,  or  coughing)  and  by  radioactive  decay. 

Three  major  working  assumptions  have  been  made  in  the  clearance  model 
(discussed  by  Bailey  and  Roy,  1994).  These  assumptions  are  as  follows: 

(1)  clearance  rates  due  to  mechanical  transport  processes  (mucociliary  and  macrophage 

transport)  and  dissolution/absorption  processes  (to  blood)  are  independent; 
therefore,  the  overall  fractional  clearance  rate  from  a  model  compartment  is 
represented  by  the  sum  of  the  rates  due  to  individual  processes; 

(2)  mechanical  transport  rates  are  the  same  for  all  materials;  i.e.,  the  chemical  form  of 

the  material  does  not  influence  the  fractional  clearance  rate  due  to  particle  transport 
processes;  and 

(3)  the  dissolution/absorption  rate  of  a  material  to  blood  is  the  same  for  all  regions  of  the 

respiratory  tract  except  the  anterior  nasal  passages  ET„  where  no  absorption  is 
assumed  to  occur. 
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The  compartment  model  which  has  been  adopted  by  the  ICRP  (1994)  to 
represent  mechanical  clearance  processes  (including  particle  transport  by  the  mucociliary 
mechanism  and  by  alveolar  macrophages)  to  the  gastrointestinal  tract  and  lymph  nodes  is 

1  >; 

shown  in  Figure  2-6.  This  figure  does  not  include  absorption  pathways.  Arrows 
represent  routes  (and  directions)  for  particle  transport  in  the  clearance  model. 
According  to  the  second  assumption  above,  these  routes  and  their  associated  fractional 
clearance  rates  are  generally  independent  of  the  chemical  form  of  the  material. 


Anterior 
Nasal 

Naio-Oro- 

Pharynx/ 

Larynx 


Bronchi 


Bronchioles 


Alveolar- 
Interstitium 


Environment 


GI  Tract 


Squestcred  in  tissue 


Available  for  surface  transport 


Figure  2-6.  Representation  of  particle  transport  model  recommended  by  the  ICRP 
(1994)  for  mucociliary  and  macrophage  transport  mechanisms  to  the 
gastrointestinal  tract  and  lymph  nodes  (no  absorption  pathways  shown). 
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Material  that  deposits  in  the  respiratory  tract  is  assigned  to  those  compartments 

which  that  are  shaded  in  Figure  2-6.  The  deposition  model  predicts  the  overall  amount 

of  material  that  deposits  in  a  given  broad  region  (i.e.,  ET„  ET2,  BB,  bb,  and  AI; 

represented  by  the  grouped  boxes  in  Fig.  2-6).  This  regional  deposition  is  then 

partitioned  among  the  shaded  compartments  within  the  region  to  account  for  observed 

clearance  patterns.  An  exception  to  the  second  assumption  exists  for  the  BB  and  bb 

regions.  For  these  regions  the  partition  of  the  deposition  to  regional  compartments  is 

based  on  particle  size.  This  aspect  of  the  model  is  discussed  in  more  detail  in  Chapter  4. 

Clearance  of  materials  from  respiratory  tract  regions  does  not  always  occur  at  a 
constant  rate  with  respect  to  time.  To  accommodate  time-varying  clearance  rates  in  a 
practical  manner,  the  model  designers  have  represented  the  broad  respiratory  regions 
(ET,  BB,  bb,  and  AI)  by  a  number  of  compartments  (representing  materials  in  different 
clearance  states)  clearing  at  different  rates.  Uncertainties  in  the  fraction  of  the  initial 
deposition  assigned  to  these  states  (or  compartments)  and  in  clearance  rates  for  these 
compartments  are  discussed  in  section  4.2  and  are  included  in  parameter  uncertainty 
analyses.  These  compartments  are  discussed  below. 

The  ET,  region  is  modeled  by  a  single  compartment  in  which  all  material  is 
deposited  and  cleared  at  a  constant  rate.  The  ET2  region  is  modeled  by  two 
compartments,  ET2  and  ET,^.  Based  on  animal  data,  the  ICRP  (1994)  has  suggested 
that  -0.05%  of  the  regional  deposition  be  associated  with  ET^  and  the  rest  (99.95%) 
with  the  ET2  compartment.  The  ET,^  compartment  represents  material  that  is 
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sequestered  by  the  airway  walls  in  the  ET2  region  and  can  only  be  cleared  to  lymph 

nodes  or  to  blood  (as  do  all  following  compartments  subscripted  by  seq). 

Mechanical  clearance  from  the  BB  region  is  represented  by  three  compartments, 
BB„  BB2,  and  BB,^.  Based  on  animal  data,  the  ICRP  (1994)  recommends  that  -0.7% 
of  the  material  deposited  in  BB  be  assigned  to  the  BB^  compartment.  The  rest  is 
partitioned  between  BB,  (a  fast-clearing  compartment)  and  BB2  (a  slow-clearing 
compartment)  based  on  particle  size.  The  bb  region  is  represented  in  an  analogous 
manner  by  compartments  labeled  bb„  bb2,  bb^.  These  bb  compartments  are  assumed  to 
receive  the  same  partition  of  deposition  as  their  BB  region  counterparts. 

Mechanical  clearance  from  the  AI  region  is  modeled  by  three  compartments,  AI„ 
AI2,  and  AI3,  representing  compartments  that  clear  fast,  slow,  and  very  slow, 
respectively.  The  ICRP  (1994)  recommends  partitioning  the  overall  deposition  in  AI  by 
fractions  of  0.3,  0.6,  and  0.1  for  compartments  AI„  AI2,  and  AI3,  respectively.  These 
values,  along  with  reference  values  for  all  other  compartments,  are  subject  to 
uncertainties  and  variabilities  which  are  addressed  in  Chapter  4. 

In  the  conceptual  model  structure,  the  mechanical  clearance  rates  for 
compartments  in  Figure  2-6  are  taken  to  be  independent  of  particle  size  and  physico- 
chemical  form  of  the  deposited  material.  For  reference,  the  compartments  in  Fig.  2-6 
have  been  numbered.  Denoting  the  mechanical  clearance  rate  from  compartment  i  to 
compartment./  in  Fig.  2-6  as  m^ ,  the  ICRP  (1994)  reference  values  for  mechanical 
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clearance  rates  are  listed  in  Table  2-5.  One  interpretation  of  these  rates  is  that  they 
represent  the  fraction  of  material  in  compartment  i  that  passes  from  compartment  /'  toy 
per  unit  time  by  the  specified  pathway.  Denoting  the  fraction  of  the  regional  deposition 
assigned  to  a  compartment  as  fd,  Table  2-6  lists  reference  values  for  the  partition  of 
deposition  among  compartments. 

Unlike  particle  transport  mechanisms  represented  by  the  compartment  scheme  in 
Fig.  2-6,  absorptive  processes  do  depend  on  the  physico-chemical  properties  of  the 
radionuclide.  Such  properties  include  solubility  of  material  within,  and  transportability 
through,  lung  tissues.  The  model  adopted  by  the  task  group  to  describe  these  processes 
is  shown  in  Figure  2-7.  According  to  the  third  assumption  listed  in  the  beginning  of  this 
section,  absorption  rates  are  taken  to  be  the  same  from  all  regions  (except  ET,  where  no 
absorption  is  assumed)  and  depend  on  the  chemical  form  of  the  radionuclide.  Similar  to 
the  processes  represented  in  Figure  2-6,  experimental  evidence  suggests  that  for  some 
materials  the  fractional  absorption  rate  of  materials  to  blood  is  time-varying.  Rather 
than  using  time-varying  clearance  rates  (which  would  lead  to  a  system  of  differential 
equations  with  time-varying  coefficients),  the  ICRP  (1994)  has  modeled  absorption  to 
blood  by  multiple  compartments  with  constant  fractional  absorption  rates. 

In  the  model,  particles  are  deposited  into  "initial  state"  compartments.  These 
initial-state  compartments  correspond  to  the  shaded  compartments  in  Fig.  2-6.  After 
deposition,  competing  mechanisms  act  either  to  remove  material  from  a  location  or  to 
change  the  state  of  the  material.  Material  deposited  in  the  initial  state  can  be 
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Table  2-5.  Reference  values  for  (fractional)  mechanical  clearance  rates  in  the  particle 
transport  aspect  of  the  ICRP  human  respiratory  tract  model. 


Pathway  From         To  Rate^1)  Half  Time* 


mM  AI,  bb,  0.02  35  d 

m^  AI2  bb,  0.001  700  d 

mM  AI3  bb,  0.0001  7000  d 

...m^io AIa LN* Q.00002 

m47  bbj  BB1  2  8h 

m5>7  bb2  BB1  0.03  23  d 

...m^n bb^ LN^ 0.01 70  d 

m7,„  BB,  ET2  10  100  min 

mgtll  BB2  ET2  0.03  23  d 

...m9,io BB^ LN* 0.01 70  d 

miU5  ET2  GI  tract  100  10  min 

1*12,13  ET^  LNet  0.001  700  d 

m1J1(; ET, Environment        1 17  h 

Source:  ICRP  (1994,  Table  17A). 

1  Half  times  are  approximate  since  they  are  based  on  rounded  values  for  the  rates 
(half-time  =  ln(2)/rate).  No  half-time  is  reported  for  m3 ,0;  the  rate  for  this  route 
was  chosen  simply  to  direct  the  desired  amount  of  material  to  the  lymph  nodes. 
Units:  d  =  day;  h  =  hour;  min  =  minutes. 


Table  2-6.  Reference  values  for  partition  of  deposition  among  compartments  in  region. 


Respiratory  Tract  Clearance  Fraction,  fd,  of  Regional  Deposition 

Region Compartment Assigned  to  Compartment' 

ET2  ET2  fd(ET2)  =0.9995 

IL, UMLJ. =  apoo5..„ 

BB  BB,  fd(BB,)  =  0.993  -  f, 

BB2  fd(BB2)  =f, 

BB^ &CBJU) =  0,007 

bb  bb,  fd(bb,)  =  0.993  -f, 

bb2  fd(bb2)  =  fs 

bb^ ^(bb^ =  0.007 

M  AI,  fd(AI,)  =0.3 

AI2                                fd(AI2)           =  0.6 
AI3 fjAy  =0.1 


Source:  ICRP  (1994,  Table  17B). 

a  The  term  f,  represents  the  slow-clearing  fraction  of  particles  deposited  in  the 

tracheobronchial  airways;  it  depends  on  particle  size  (discussed  in  section  4.2.2.1). 
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PARTICLES  IN  INITIAL  STATE 
(Deposited  Particles) 

(Compartment*:  1, 2, 3, ....  14) 


«*V, 


b  p 


pt 


MATERIAL  IN  TRANSFORMED  STATE 


(Compartments:  IT,  2T,  3T,  ...13T) 


Vt 


MATERIAL  IN  BOUND  STATE 

(Compartments:  AI(b),  bb(b),  BB(b),  ET(b), 
LNet(b),LNth(b)) 


0Vt 


BLOOD 


Figure  2-7.  Compartment  model  recommended  by  ICRP  (1994)  to  represent  dissolution 
and  absorption  to  blood  and  lung  tissues  for  materials  deposited  in  the  respiratory  tract. 


(1)  transported  mechanically  between  initial  state  compartments  by  the  pathways 
indicated  in  Figure  2-6,  (2)  transformed  to  a  different  clearance  state  (i.e.,  "transformed 
state")  represented  by  a  different  compartment  although  in  the  same  spatial  location,  or 
(3)  absorbed  from  the  initial  state  to  either  a  "bound  state"  or  to  the  blood.  The  bound 
state  represents  material  that  chemically  binds  to  the  tissues  in  the  airway  wall  after 
dissolving  in  lung  fluids.  The  total  fractional  clearance  rate  for  materials  from  initial 
state  compartments  to  the  blood  and  to  the  bound  state  is  denoted  by  sp.  The  fraction  of 
material  that  clears  from  the  initial  state  to  the  bound  state  is  given  by  fb  so  that  the  net 
fractional  clearance  rates  to  the  bound  state  and  the  blood  are  fbsp  and  (l-fb)s  , 
respectively. 
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The  transformed  state  represents  material  that  is  absorbed  to  the  blood  and 

bound  state  at  a  different  rate,  s,,  than  initial  state  material.  The  fractional  clearance  rate 
from  initial  state  to  transformed  state  is  represented  by  Sp,.  According  to  the  clearance 
model  adopted  by  the  ICRP  (1994),  material  in  the  transformed  state  can  either  be  (1) 
transported  mechanically  among  transformed  state  compartments  by  assuming  the  same 
pathways  apply  as  in  Figure  2-6  or  (2)  absorbed  to  the  blood  and  bound  state.  The  total 
fractional  clearance  rate  for  materials  from  the  transformed  state  to  the  blood  and  the 
bound  state  is  denoted  by  s,.  The  fraction  of  material  that  clears  from  the  transformed 
state  to  the  bound  state  is  given  by  fb  (assumed  to  equal  the  fraction  to  bound  state  from 
initial  state)  so  that  the  net  fractional  clearance  rates  to  the  bound  state  and  the  blood  are 
fbs,  and  (l-fb)s„  respectively. 

The  ICRP  (1994)  has  also  examined  an  alternate  form  for  the  absorption  model 
which  has  parameters  that  are  generally  easier  to  determine  from  experimental  data  than 
the  model  shown  in  Figure  2-7.  This  alternate  model  is  depicted  in  Figure  2-8.  In  this 
alternate  form,  material  is  assumed  to  be  deposited  in  either  a  rapid  dissolution  state  (or 
rapid  absorption  phase)  or  a  slow  dissolution  state  (or  slow  absorption  phase).  The 
fraction  of  material  in  the  rapid  phase  is  denoted  by  f,  (so  that  the  fraction  in  the  slow 
phase  is  1-Q.  Fractional  clearance  rates  from  the  rapid  and  slow  states  to  the  blood  and 
bound  states  are  given  by  sr  and  s8,  respectively.  As  before,  fb  represents  the  fraction  of 
cleared  material  that  goes  to  the  bound  state.  Concerning  the  amount  of  material  that  is 
absorbed  to  blood  over  a  specified  time  period,  this  alternate  form  provides  the  same 


59 


Rapid  Dissolution 


0-9  sr 


Vr 


Slow  Dissolution 


fbss 


Bound  Material 


Blood 


ss  o-V 


Figure  2-8.  Alternate  form  for  the  dissolution/absorption  model.  This  model  form  is 
related  to  the  form  in  Figure  2-7  through  Equation  2-9. 


numerical  results  as  the  form  in  Figure  2-7.  The  following  expressions  can  be  derived 
which  relate  the  two  models: 


sp  =  *.  +  f  (■,  "  ■.) 
V  -  (1  "  f  )(■,  -  ■.) 


(2-9) 


When  reliable  human  data  exist,  the  absorption  aspect  of  the  model  can  use 
observed  rates  of  absorption  to  blood;  when  data  is  not  available,  the  absorption  rate  is 
classified  as  slow,  moderate  and  fast  (denoted  S,  M,  and  F)  and  is  based  on  reference 
values  recommended  by  the  ICRP.  In  the  present  study,  literature  related  to  absorpt 


ion 
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of  plutonium  oxides  was  investigated  (section  4.2.4)  to  develop  distributions  for  the 
absorption  rate  constants  for  that  specific  material. 

Upon  coupling  the  absorption  model  of  Figure  2-7  with  the  particle  transport 
model  of  Figure  2-6,  the  overall  compartmental  clearance  model  is  obtained;  it  is 
represented  schematically  in  Figure  2-9.  The  overall  clearance  model  is  presented  in  its 
complete  mathematical  form  (i.e.,  as  a  system  of  first-order  differential  equations)  in 
Appendix  B,  where  the  mathematical  form  of  the  older  ICRP  Publication  30  lung  model 
(ICRP,  1979)  is  also  presented  for  comparison.  The  revised  lung  model  possesses  33 
compartments  compared  to  only  10  for  the  older  model. 

Since  the  mathematical  form  of  the  clearance  model  involves  linear,  first-order 
differential  equations  with  constant  coefficients,  the  model  can  be  solved  analytically  for 
simple  exposures  of  interest.  Due  to  mathematical  complexity  in  accounting  for  changes 
in  activity  intake  rates  over  time  (e.g.,  due  to  changes  in  ventilation  rate  with  level  of 
physical  exertion),  this  study  has  focused  on  an  acute  intake  scenario.  For  an  acute 
activity  intake,  material  is  deposited  instantaneously  at  time  ta  in  the  respective  initial 
state  compartments  (shaded  regions  in  Fig.  2-6).  This  assumption  simplifies  the  solution 
to  the  differential  equations  presented  in  Appendix  B  for  the  clearance  model.  This 
simplifying  assumption  is  appropriate  when  ventilation  rates  remain  relatively  constant 
over  the  exposure  duration  (which  is  less  at  most  a  few  hours)  and  when  the  exposure 
duration  is  much  less  than  the  dose  integration  time.  A  relatively  simple  solution  to  the 
differential  equations  also  exists  for  relatively  constant,  non-acute  intakes  however,  such 
scenarios  are  reserved  for  future  study. 
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Several  methods  are  available  for  solving  clearance  models  represented  by 
systems  of  linear  first-order  differential  equations  in  this  exposure  situation.  In  this 
study,  a  computational  algorithm  described  by  Birchall  (1986)  has  been  employed.  This 
algorithm  is  based  on  analytical  equations  (so-called  Bateman  equations)  presented  by 
Skrable  et  al.  (1974),  which  originate  from  equations  first  suggested  by  Bateman  (1910). 
The  algorithm  is  restricted  to  first-order,  non-recycling  compartment  models,  such  as  the 
clearance  model  described  here.  Non-recycling  models  are  those  which  do  not  allow 
material  to  re-enter  clearance  compartments  (i.e.,  routes  do  not  allow  material  to  return 
to  previous  compartments  of  residence).  The  algorithm  can  solve  the  clearance  model 
for  both  acute  and  constant,  chronic  activity  intake  scenarios.  Given  the  initial  number 
of  atoms  deposited  into  initial  state  compartments,  the  algorithm  can  solve  the  clearance 
model  for  two  quantities:  (1)  the  number  of  atoms  remaining  in  compartments  at  time  /, 
and  (2)  the  total  number  of  radioactive  transformations  occurring  in  compartments  over 
an  integration  time  r.  For  a  compartment  of  interest,  the  algorithm  operates  by  first 
finding  all  pathways  that  lead  to  that  compartment.  For  each  pathway  leading  to  the 
compartment  the  algorithm  uses  the  Bateman  equations  to  compute  the  contribution 
made  to  (1)  the  activity  in  compartment  at  time,  /  and  (2)  to  the  total  transformations  in 
compartment  over  time  r.  Contributions  from  all  pathways  are  then  summed. 
Provisions  are  included  to  avoid  duplicating  contributions  from  overlapping  pathways. 
A  complete  description  of  the  algorithm  and  a  listing  of  the  source  code  for  computer 
implementation  can  be  found  in  the  original  paper  by  Birchall  (1986). 
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2.7.  Respiratory  Tract  Dose  Model 

Dose  calculations  in  the  revised  ICRP  respiratory  tract  model  are  based  on  the 

methodology  presented  in  ICRP  Publication  30  (ICRP,  1979)  for  radiation  workers  and 

later  expanded  for  exposures  to  the  general  population  in  ICRP  Publication  56  (ICRP, 

1989).  In  that  methodology,  the  committed  equivalent  dose  to  a  tissue  T,  denoted  HT(r) 

with  special  SI  unit  of  Sv,  is  the  time-integrated  equivalent  dose  rate  for  that  tissue, 

where  r  is  the  integration  time.  For  radiation  protection  purposes  the  ICRP  (1989  and 

1991a)  has  recommended  an  integration  time  of  r  =  50  years  for  adults  and  r  =  70  years 

for  children.  However,  other  integration  times  can  be  specified  if  desired.  The 

equivalent  dose  rate  at  time  /  for  target  tissue  Tis  given  by: 

HT(0  =  cEE  qJOSEBOMte).  (2-10) 

»      j 

where  c  is  a  constant  accounting  for  conversion  of  units,  qjt)  is  the  activity  of 
radionuclide./  in  source  region  S  for  a  subject  at  time  /;  SEE(T-  S;  t)  represents  the 
specific  effective  energy  for  tissue  T  irradiated  by  radionuclide./  in  source  S  and  is 
defined  below.  Due  to  source-target  geometry  effects,  the  SEE  generally  depends  on 
the  age  of  the  subject  at  time  t.  The  summation  over  5  is  over  all  source  regions,  S,  that 
irradiate  the  target.  The  summation  over/  is  over  all  radionuclides  in  source  region  S. 
The  double  summation  over  s  andy  then  accounts  for  all  radionuclides  in  all  source 
regions  that  affect  the  target  tissue. 

The  specific  effective  energy,  SEE(T^  S)j  for  radionuclide./  is  expressed  by: 
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SEE  (T-S;t)  =  £ 


wRERYRAF(TVS;t)B 
MT(t) 


(2-11) 


where  wR  is  the  radiation  weighting  factor  for  radiation  type  R  emitted  from  radionuclide 
f,  Er  is  the  energy  of  radiation  R;  YR  is  the  yield  of  radiation  type  R  per  transformation 
of  radionuclide./;  AF(T-S;  t)R  is  the  fraction  of  energy  of  radiation  R  emitted  by  source 
S  that  is  absorbed  in  target  7  and  depends,  among  other  things,  on  the  age  of  subject  at 
time  t,  and  MT(0  is  the  mass  of  target  tissue  7  for  the  subject  at  time  /. 

Assuming  an  acute  intake  at  time  t„  the  committed  equivalent  dose  at  time  /  due 
to  the  intake  is  computed  as: 


HT(t)  =  jH^dt^  c££ 


«     j 


|q,j(t')SEE(TVS;t')jdt/ 


(2-12) 


If  the  SEE  is  assumed  to  be  independent  of  time  t  (e.g.,  for  adults  where  growth  is 
negligible),  the  term  enclosed  in  brackets  becomes: 


Iq^SEEOVSit^dt7 


U/tJSEECIVS^  , 


(2-13) 


where 


U./T>  =  /q^o^dt' 


(2-14) 


occur 


and  where  U,/t)  equals  the  total  number  of  transformations  of  radionuclide./  that 

in  source  region  S  over  an  integration  time  of  t  =  t  - 10  .  When  a  respiratory  tract  region 

is  the  source,  UsJ(t)  depends  on  both  the  deposition  and  clearance  models  described 
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above  and  is  determined  by  integrating,  with  respect  to  time,  the  solutions  to  the 

differential  equations  that  are  presented  in  Appendix  B. 

The  present  study  focuses  on  doses  to  various  lung  tissues  as  the  targets.  The 
scope  of  the  present  study  has  been  limited  to  include  only  source  regions  within  the 
respiratory  tract.  The  scope  is  further  limited  to  include  only  those  doses  which  are 
contributed  by  alpha  particles.  For  an  inhalation  of  primarily  alpha-emitting 
radionuclides  with  negligible  photon,  electron,  and  beta  emissions-such  as  Pu-238,  Pu- 
239,  Pu-240-the  dose  to  lung  tissues  is  due  almost  exclusively  to  alpha  particles  which 
originate  within  the  lung  tissues.  To  justify  this  statement,  the  computer  program 
LUDEP  (Jarvis  et  al.,  1993)  has  been  run  for  a  class  S  (insoluble)  ^u-laden  aerosol 
having  an  AMAD  of  5  urn  and  a  GSD  of  2.5;  the  scenario  involved  a  reference  adult 
male  at  light  exertion.  The  lung  model  described  here  and  the  ICRP  (1979)  metabolic 
models  for  other  organ  systems  were  used  with  reference  values  for  all  parameters. 
Results  indicated  negligible  contributions  to  the  lung  dose  from  source  organs  other  than 
the  lungs  («0. 1%)  and  from  radiations  other  than  alpha  particles  that  originated  within 
the  lungs  («0. 1%).  Methods  developed  in  this  study  are  applied  to  Pu-239  and  Pu-240 
oxides  in  Chapter  Five;  for  these  radionuclides  doses  contributed  by  radiations  other 
than  alpha  particles  are  negligible. 

For  short-range  alpha,  beta,  and  electron  emitters,  source  regions  in  the  lungs  are 
identified  in  Table  2-7.  In  total  the  ICRP  (1994)  has  identified  17  source  components  to 
be  considered  for  short-range  radiation  emitters.  These  regions  have  been  modeled  to 
correspond  with  anatomical  regions  in  the  airway  wall  as  shown  earlier  in  Fig.  2-3.  The 
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thicknesses  and  depths  of  various  source  and  target  layers  are  important  determinants  of 
the  fraction  of  energy  that  can  reach  the  target  layers.  These  dimensions  are  examined  in 
more  detail  in  Chapter  4. 


Table  2-7.  Assignment  of  compartments  to  source  regions  for  short-range  radiations  in 
the  revised  ICRP  respiratory  tract  model. 


Target*  Source  Region  Clearance  Compartments  Comprising 

Sources  in  the  Respiratory  Tract6 
ET,  Surface  deposit  14 

ET2  Surface  fluid  11  +  1  IT 

Particles  sequestered  in  airway  wall  12  +  12T 

Bound  material  ET(b) 

LN«  All  transformations  in  LNS  13 +13T  +  LNet(bnd) 

BB  Mucous  gel  layer  7  +  7T 

Mucous  sol  layer  8  +  8T 

Particles  sequestered  in  airway  wall  9  +  9T 

Bound  material  BB(b) 

Ajyeolar-interstitium  1+2  +  3  +  1T  +  2T  +  3T  +  AI(bnd) 

bb  Mucous  gel  4  +  4T 

Mucous  sol  5  +  5T 

Particles  sequestered  in  airway  wall  6  +  6T 

Bound  material  bb(bnd) 

AJyw^;.|ntersttoum...  1  +  2  +  3  +  IT  +  2T  +  3T  +  Al(bnd) 

AI  All  transformations  in  AI  and  LNth  1+2  +  3  +  1T  +  2T  +  3T  +  Al(bnd)  + 

^±M  +  LNJbnd) 

LNth All  transformations  in  LNth 10+  lOT  +  LNJbnd) 

Source:  ICRP  (1994) 

a  Target  cell  nuclei  layers  in  respective  respiratory  tract  regions  are  discussed  in  text. 

b  See  Figs.  2-6  and  2-7  and  Appendix  B  for  additional  clarification  of  model 

compartments. 


Target  tissues  in  the  revised  model  include  the  following  tissue  and  cell  layers. 
For  the  extrathoracic  tissues  the  target  regions  are:  (1)  the  basal  cell  nuclei  layer  in  the 
epithelium  of  region  ET,;  (2)  the  basal  cell  nuclei  layers  in  the  epithelium  of  the  naso- 
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oropharynx  and  larynx  in  region  ET2;  and  (3)  the  total  mass  of  the  extrathoracic  lymph 

nodes,  LNET.  For  the  thoracic  tissues  (or  lungs)  the  target  tissues  are:  (1)  the  secretory 
cell  nuclei  layer  in  the  epithelium  of  the  BB  region;  (2)  the  basal  cell  nuclei  layer  in  the 
epithelium  of  the  BB  region;  (3)  the  secretory  cell  nuclei  layer  in  the  epithelium  of  the  bb 
region;  (4)  the  total  mass  of  the  alveolar-interstitial  tissues,  AI;  and  (5)  the  total  mass  of 
the  thoracic  lymph  nodes,  LNjh.  This  aspect  of  the  revised  model  (computing  doses  to 
target  regions  within  the  lungs)  differs  from  the  ICRP  Publication  30  model  (ICRP, 
1979)  in  which  a  single  dose  was  computed  to  the  lung  by  averaging  over  the  total  lung 
mass. 

Based  on  a  review  of  human  epidemiological  studies,  Masse  and  Cross  (1989) 
have  suggested  that  target  tissues  in  the  respiratory  tract  be  assigned  varying  degrees  of 
radiation  sensitivity  in  the  new  model.  To  account  for  varying  sensitivities,  the  revised 
respiratory  tract  model  (ICRP,  1994)  has  incorporated  regional  weighting  factors  to 
partition  the  risk  from  irradiation  of  lung  tissues.  The  approach  adopted  in  the  model 
specifies  that  combined  equivalent  doses  to  extrathoracic  and  thoracic  (lung)  tissues  be 
computed  by  the  following  expressions: 

HT(ET)  -  HT  ET(1)  AET(1)  +  HT  ET(2)  AET(2)  +  HT  LN(ET)  ALN(ET)  (2- 1 5) 

HT(TH)  =  HT3B ^  +  HT,bb  A*  +  HTiAI  A*  +  HTLN(TO)  ALN(TH) ,  (2-16) 

where  HT(ET)  and  HT(TH)  are  the  detriment-adjusted  equivalent  doses  to  the 
extrathoracic  and  thoracic  (lung)  tissues,  respectively;  HTET(1),...,  etc.,  are  the  equivalent 
doses  to  targets  in  the  extrathoracic  regions;  HTBB,...,  etc.,  are  equivalent  doses  to 
targets  in  the  thoracic  regions;  AET(1),...,  etc.,  are  detriment  apportionment  factors  for 
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the  partition  of  risk  in  ET  tissues;  and  Abb,...,  etc.,  are  detriment  apportionment  factors 
for  the  partition  of  risk  in  the  thoracic  (lung)  tissues. 

The  detriment  apportionment  factors  are  used  to  weight  the  doses  to  the 
individual  regions  and  reflect  the  relative  sensitivity  of  the  target  regions  to  radiation- 
induced  effects.  The  values  recommended  by  the  ICRP  in  Publication  66  are  listed 
below  in  Table  2-8;  it  is  important  to  note  that  these  values  are  quite  uncertain. 
Concerning  the  values  reported  in  the  table,  the  following  statement  was  made: 

It  was  concluded  that  there  was  no  basis  for  deriving  factors  to  represent 
regional  differences  in  radiation  sensitivity  with  any  acceptable  degree  of 
confidence.  Therefore,  the  weighting  factors  given  in  Table  3 1  [Table  2-8]  are 
recommended.  These  factors  may  be  revised  by  the  Commissions  as  better 
information  becomes  available.  Revisions  can  be  made  without  changing  the 
respiratory  tract  dosimetry  model  itself.  (ICRP,  1994,  p.  1 14) 

Based  on  this  statement,  the  focus  of  this  study  has  been  more  toward  regional  doses 
than  an  overall,  combined  lung  dose.  Uncertainties  in  the  apportionment  factors  do  not 
influence  regional  doses  (only  their  interpretation  on  a  radiological  risk  basis). 
Nonetheless,  the  methodology  developed  in  this  study  (1)  predicts  uncertainties  in  the 
combined  lung  dose  and  (2)  provides  a  means  to  change  the  detriment-apportionment 
(actually  their  assigned  uncertainties)  for  the  thoracic  region  with  little  effort.  It  is  noted 
that  although  methods  are  provided  for  predicting  doses  to  the  extrathoracic  tissues, 
these  tissues  are  not  included  in  the  list  of  organs  that  receive  tissue  weighting  factors  in 
the  ICRP  (1991a)  system  of  radiological  protection.  Consequently,  these  tissues  do  not 
receive  as  much  emphasis  in  this  study. 
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Table  2-8.  Risk 
dose  to  various 

-apportionment  factors  recommended  by  the  ICRP  for  weighting  the 
respiratory  tract  target  tissues. 

Extrathoracic 

Detriment 

Thoracic 

Detriment 

Regions 

Apportionment 
Factors  (A)1 

Regions 

Apportionment 
Factors  (A) 

ET, 

0.001 

BB 

0.333 

ET2 

1 

bb 

0.333 

LNET 

0.001 

AI 

0.333 

LNra 

0.001 

Total  = 

1.002 

Total  = 

1.000 

Source:  ICRP  (1994). 

*  Values  are  as  listed  in  the  reference;  do  not  sum  to  one. 


Masses  for  target  layers  associated  with  ET,  BB,  and  bb  regions  can  be 
estimated  from  the  products  of  the  regional  surface  area  and  the  target  layer  thickness. 
The  regional  surface  areas  are  both  age-  and  sex-dependent  and  must  generally  be 
estimated  from  airway  dimensions,  which  depend  on  body  size.  Absorbed  fractions  for 
short-range  radiations  in  ET,  BB,  and  bb  tissues  depend  primarily  on  the  source  and 
target  layer  thicknesses  and  depths.  Measurements  (e.g.,  Gehr,  1987)  suggest  that 
dimensions  for  source  and  target  layers  in  the  airways  are  independent  of  age  or  body 
size.  Furthermore,  computations  have  shown  that  the  airway  diameter  is  of  secondary 
importance  to  absorbed  fractions.  Based  on  these  findings,  the  ICRP  (1994)  has 
suggested  that  absorbed  fractions  for  short-range  radiations  in  the  lung  are  independent 
of  age. 

The  computational  methods  used  to  compute  energy  absorption  in  BB  and  bb 
target  tissues  in  this  study  are  discussed  in  detail  in  Appendix  C.  The  approach  for  ET 
regions  has  been  to  use  the  simplified  expressions  for  the  absorbed  fractions,  AF,  as 
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presented  by  James  et  al.  (1994a).  For  ET  regions,  the  uncertainties  in  source  and  target 

dimensions  are  not  included  in  the  present  study  since  these  regions  are  relatively 

resistant  to  radiation  effects  and  for  reasons  discussed  above.  For  AI  and  lymph  node 

tissues,  the  absorbed  fractions  suggested  by  the  ICRP(1994)  for  short-range  radiations 

are  used  to  compute  doses.  These  absorbed  fractions  (AF)  in  these  regions  for  alpha 

particles  may  be  summarized  as: 

AF(AI-BB)  =  AF(AI-  bb)  =  AF(AI-  ET)  =  0  (2-17) 

AF(AI-  AI)  =  AF  (LNra~  LN^)  =  AF(LNET-  LNET)  =  1 .  (2-18) 

Equation  2-17  simply  states  that  alpha  particles  emitted  from  sources  in  the  BB,  bb,  or 

ET  regions  deposit  a  negligible  amount  of  energy  in  the  AI  region.  Equation  2-17  has 

been  suggested  by  the  ICRP  since  the  additional  energy  deposited  in  the  AI  region  from 

sources  in  other  respiratory  tract  regions  is  negligible  compared  to  the  energy  deposited 

in  the  AI  region  due  to  sources  in  the  AI  region  (due  primarily  to  the  thickness  of  tissues 

separating  these  regions  and  to  large  surface  area  and  mass  of  the  AI  region).  Equation 

2-18  states  that  alpha  particles  emitted  by  the  AI  and  lymph  node  tissues  (as  source 

regions)  are  completely  absorbed  by  the  those  regions  (as  target  tissues). 

2.8.  Summary 
The  purpose  of  this  chapter  has  been  to  provide  an  overview  of  the  new  ICRP 
respiratory  tract  model  (ICRP,  1994).  In  this  chapter,  the  deposition,  clearance,  and 
dosimetry  components  of  the  respiratory  tract  model  have  been  presented,  and  model 
parameters  have  been  introduced.  The  following  chapter  presents  the  methods 
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employed  to  treat  model  parameters  and  associated  quantities  as  random  variables  within 
the  (computational)  model  framework.  Chapter  4  examines  the  respiratory  tract  model 
parameters  in  greater  detail  by  providing  results  of  a  formidable  literature  review- 
undertaken  to  assign  probability  distributions  to  parameters  and  to  account  for 
relationships  (or  correlations)  among  parameters. 


CHAPTER  3 
METHODS  FOR  CONDUCTING  PARAMETER  UNCERTAINTY  ANALYSES 


3.1.  Introduction 
A  computational  methodology  has  been  developed  to  quantify  uncertainties  in  lung 
dose  quantities  for  population  groups  exposed  to  radioactive  aerosols.  This  methodology 
is  based  on  conducting  parameter  uncertainty  analyses  using  the  revised  ICRP  respiratory 
tract  model  described  in  Chapter  2  within  the  scope  of  the  assessment  problem  defined  in 
Chapter  1 .  The  purpose  of  a  parameter  uncertainty  analysis  is  to  quantify  variabilities  in 
model  predictions  attributable  to  uncertainties  (including  stochastic  variability  and  lack  of 
knowledge)  in  model  parameters.  Additionally,  parameter  sensitivity  analyses  of  the 
model  are  desired  in  order  to  determine  the  relative  importance  of  parameters  in  affecting 
model  predictions  (i.e.,  which  parameters  contribute  most  to  variability  of  the  predictions). 
Specific  methods  involved  in  performing  such  analyses  for  complex  mathematical  models 
have  been  the  subject  of  many  studies  and  reports  (IAEA  1989;  Morgan  and  Henrion, 
1990;  OECD,  1987;  Hoffman  and  Gardner,  1983;  Iman  and  Helton,  1985;  Iman  and 
Conover,  1982;  Hamby,  1995;  Iman  and  Helton,  1988;  Nowak  and  Hofer,  1987;  Paschoa 
and  Wrenn,  1987).  The  purpose  of  this  chapter  is  to  provide  a  description  of  methods 
used  in  the  current  study  to  perform  such  analyses  with  the  selected  respiratory  tract 
model. 
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The  International  Atomic  Energy  Agency  (IAEA  1989)  has  listed  the  main  steps 
involved  in  conducting  a  parameter  uncertainty/sensitivity  analysis.  These  steps  are 
repeated  in  Table  3-1  and  have  been  followed  in  the  current  study.  To  examine  the 
concepts  and  techniques  associated  with  these  steps,  this  chapter  is  divided  into  five 
additional  sections.  In  section  3.2  parameter  uncertainties  and  correlations  are  addressed. 
Section  3.3  involves  a  discussion  of  the  numerical  methods  used  to  sample  the  joint 
probability  density  function  (i.e.,  the  probability  density  for  combined  parameter  values) 
and  to  propagate  this  joint  density  function  through  the  model.  In  section  3.4,  some 
measures  of  model  prediction  uncertainty  and  formats  for  presenting  results  are  discussed. 
Section  3.5  provides  a  discussion  of  techniques  employed  to  determine  parameter 
sensitivities  in  the  model  (i.e.,  methods  to  determine  dominant  parameters  and  their 
contributions  to  model  prediction  uncertainty).  Section  3.6  provides  a  description  of  the 
computer  code  developed  to  implement  the  respiratory  tract  model  and  to  integrate  it  with 
the  methods  described  in  this  chapter. 

Due  to  the  mathematical  nature  of  the  respiratory  tract  model  and  the  large  number 
of  model  parameters  involved,  a  numerical  approach  has  been  adopted  for  propagating 
parameter  uncertainties  through  the  model.  A  Latin  hypercube  sampling  technique 
(McKay  et  al.,  1979;  described  in  section  3.3)  has  been  used  in  this  study  to  generate  a 
numerical  representation  of  the  joint  probability  density  function  for  the  combined  range  of 
parameter  values.  This  technique  involves  numerical  generation  of  n  values  from  each  of 
the  m  hypothesized  parameter  distributions.  A  special  pairing  process  is  then  implemented 
to  combine  values  randomly  for  the  m  model  parameters  into  n  input  vectors  which  can  be 
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used  to  solve  the  model  for  n  output  values  for  each  desired  model  prediction.  Various 
aspects  of  the  technique  are  discussed  in  more  detail  in  the  following  sections  of  this 
chapter. 


Table  3-1.  Main  steps  involved  in  conducting  a  parameter  uncertainty  analysis. 

(1)  List  all  of  the  parameters  that  are  potentially  important  contributors  to  uncertainty  in 
the  final  model  prediction. 

(2)  For  each  parameter  listed,  specify  the  maximum  reasonable  range  of  applicable 
alternative  values. 

(3)  Specify  the  degree  of  belief  (in  percentage)  that  the  appropriate  parameter  value  is 
not  larger  than  specific  values  selected  from  the  range  established  in  Step  2  above  and 
select  a  probability  distribution  that  best  fits  the  quoted  degrees  of  belief. 

(4)  Account  for  dependencies  among  model  parameters  by  introducing  suitable 
restrictions,  by  incorporating  appropriate  conditional  degrees  of  belief,  or  by  specifying 
suitable  measures  of  degree  of  association. 

(5)  Set  up  a  subjective  probability  density  function  (pdf)  for  the  combined  range  of 
parameter  values.  This  will  subsequently  be  referred  to  as  a  joint  pdf.  Propagate  this 
joint  /*#" through  the  model  to  generate  a  subjective  probability  distribution  of  predicted 
values. 

(6)  Derive  quantitative  statements  about  the  effects  of  parameter  uncertainties  on  the 
model  prediction. 

(7)  Rank  the  parameters  with  respect  to  their  contribution  to  the  uncertainty  in  the 
model  prediction  [sensitivity  of  parameters]. 

(8)  Present  and  interpret  the  results  of  the  analysis. 
Source:  IAEA  (1989,  pp.  31-32)  with  minor  alterations. 
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3.2.  Quantifying  Parameter  Correlations  and  Uncertainties 
The  first  four  steps  listed  in  Table  3-1  involve  identifying  model  input  parameters 
and  quantifying  their  correlations  and  uncertainties.  Primary  input  parameters  for  the 
respiratory  tract  model  have  been  identified  in  Chapter  2.    In  this  section,  the  techniques 
used  to  account  for  parameter  correlations  and  uncertainties  are  discussed.  Chapter  4 
contains  a  detailed  discussion  of  individual  respiratory  tract  model  parameters,  focusing  on 
the  distributions  and  relationships  adopted  in  this  study  to  accommodate  parameter 
uncertainties  and  correlations. 

3.2.1.  Parameter  Correlations 

Two  approaches  for  accommodating  parameter  correlations/dependencies  have 
been  considered.  One  approach  involves  specifying  and  using  a  rank  correlation  matrix 
and  is  implemented  during  the  pairing  process  for  the  m  parameter  values.  The  other 
approach  involves  using  regression  equations  along  with  random  error  terms.  The  latter 
approach  generally  accounts  for  correlations  directly  by  incorporating  detailed 
relationships  between  parameters  into  the  uncertainty  analysis;  consequently,  this  approach 
is  used  here  and  is  more  heavily  weighted  in  the  following  discussion.  However,  the 
methodology  accommodates  the  rank  correlation  matrix  approach  (as  discussed  below  and 
in  section  3.6). 

The  correlation  matrix  approach  uses  a  restricted  pairing  technique  (Iman  and 
Conover,  1982)  to  induce  correlation  between  the  ranks  of  two  numerically  sampled  input 
variables.  Iman  and  Shortencarier  (1984)  have  developed  a  computer  code  which 
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implements  this  approach  within  the  Latin  hypercube  sampling  scheme  (discussed  in 

section  3.3).  Use  of  the  code  requires  the  user  to  specify  rank  correlation  coefficients  for 
pairs  of  parameters.  If  an  appropriately  sampled  data  set  exists  for  two  parameters,  for 
example  parameters  X  and  Y,  then  the  rank  correlation  coefficient  (also  known  as 
Spearman's  correlation  coefficient)  can  be  estimated  by  the  sample  correlation  coefficient 
of  the  rank-transformed  data.  The  rank  correlation  coefficient  expresses  the  degree  of 
linear  relationship  between  the  ranks  of  X  and  Y  (i.e.,  it  is  a  measure  of  the  monotonic 
relationship  between  parameters).  For  example,  if  an  increase  in  X  always  results  in  an 
increase  in  Y,  the  rank  correlation  coefficient  would  be  (positive)  one.  If  an  increase  in  X 
always  resulted  in  a  decrease  in  Y,  the  rank  correlation  coefficient  would  be  negative  one. 
This  approach  is  discussed  in  more  detail  by  Iman  and  Conover  (1982)  and  by  Liebetrau 
and  Doctor  (1987). 

A  second  approach  for  accommodating  relationships  between  parameters  (and  the 
one  used  in  this  study)  is  to  use  reported  regression  equations  which  predict  the  value  of 
one  variable  (or  input  parameter)  as  a  function  of  another  variable  (or  input  parameter). 
Consider  a  hypothetical  example  involving  two  variables,  X  and  Y.  Assume  a  literature 
survey  has  revealed  that  Y  can  be  predicted  (to  some  degree)  by  a  regression  equation 
relating  Y  to  X;  for  example,  Y  =  aXb(i.e.,  a  power  function  with  fitting  parameters  a  and 
b  determined,  for  example,  by  the  least  squares  method).  This  expression  is  equivalent  to 
lnY  -  ln(a)  +  b*ln(X),  and  the  associated  coefficient  of  determination,  R2,  provides  a 
measure  of  the  variance  in  Y  that  is  unexplained  by  the  variance  in  X.  For  example,  a 
value  of  R2  =  0.90  means  that  90%  of  the  variance  in  Y  is  explained  by  the  regression.  A 
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residual,  or  random,  error  term  can  be  introduced  to  explain  the  remaining  uncertainty  in 
Y.  For  this  example,  the  expression  above  could  be  multiplied  by  an  error  term,  EyX  ,  so 
that  Y  =  (aX*)*^;  equivalently,  lnY  =  ln(a)  +  b*ln(X)  +  lnCE^).  A  distribution  for  Y, 
that  accounts  for  its  correlation  with  X,  is  then  obtained  by  sampling  values  from  a 
distribution  for  X  and  from  a  distribution  for  Ey  x.  The  parameter  Y  does  not,  in  this  case, 
need  to  be  assigned  a  distribution  of  its  own  since  it  is  determined  by  sampled  values  for  X 
and  EyX. 

The  choice  of  the  distribution  shape  for  the  residual  error  term  depends  on  the  type 
of  regression  equation  used.  For  linear,  quadratic,  and  higher-order  polynomial  regression 
models  the  error  term  is  customarily  added  to  the  regression  expression  and  assigned  a 
normal  distribution  with  mean  value  of  zero  and  standard  deviation  estimated  by  the 
standard  deviation  of  the  residual  errors.  The  residual  errors  are  given  by  the  differences 
between  the  observed  values  of  Y  and  the  values  predicted  by  the  regression  equation 
without  the  random  error  term.  For  exponential  and  power-function  regression  models, 
the  error  term  is  customarily  multiplied  into  the  regression  expression  and  assigned  a 
lognormal  distribution  with  geometric  mean  of  one  and  geometric  standard  deviation 
estimated  by  the  sample  standard  deviation  of  the  log  residuals,  where  log  residuals  refer 
to  the  differences  between  ///(observed  Y)  and  ///(predicted  Y).  The  term  In  refers  to  the 
natural  logarithm.  Given  the  data  set  for  the  residuals  or  log  residuals,  the  assigned 
distribution  for  the  residuals  can  be  subjected  to  various  statistical  tests  (section  3.2.3)  to 
determine  whether  the  assigned  (or  hypothesized)  distribution  is  accepted  or  rejected 
based  on  the  data. 


78 
Throughout  this  study,  parameter  correlations  have  been  handled  directly  (when 
possible)  by  using  reported  regression  equations  and  accompanying  residual  error  terms. 
This  approach  allows  all  random  variables  to  be  sampled  independently  in  the  Latin 
hypercube  sampling  scheme,  improving  computational  efficiency.  More  details  are  given 
for  specific  model  parameters  in  Chapter  4,  where  literature  is  reviewed,  parameter 
uncertainties  and  regression  relationships  are  discussed,  and  distributions  are  assigned. 
Although  a  mechanism  exists  in  the  methodology  for  its  inclusion  (see  section  3.6),  the 
rank  correlation  pairing  approach  for  inducing  parameter  correlations  has  not  been 
employed  in  this  study. 

3.2.2.  Parameter  Uncertainties 

Uncertainties  in  respiratory  tract  model  parameters  are  accommodated  by 
introducing  continuous  random  variables.  Such  variables  can  attain  any  real  value  within 
their  allowed  range.  Associated  with  each  random  variable  is  a  probability  density 
function,  orpdf.  The  /^characterizes  uncertainties  (and  variabilities)  of  the  random 
variable  by  describing  the  probability  associated  with  a  specified  range  of  values  for  the 
random  variable.  For  a  continuous  random  variable,  a  continuous  probability  density 
function  is  used.  All  of  the  parameters  investigated  in  this  study  possess  uncertainties  due 
both  to  lack  of  knowledge  and  to  stochastic  variability.  Since  lack  of  knowledge  exists, 
thepdfs  generally  incorporate  some  subjective  information.  One  interpretation  of  the 
distributions  assigned  in  Chapter  4  is  that  all  represent  subjective  prior  distributions  in 
which  distribution  parameters  (e.g.,  mean  and  standard  deviation)  are  Bayesian  estimators 
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(Morgan  and  Henrion,  1990,  p.  83).  Future  information  and  data  for  model  parameters 

can  be  used  to  update  these  prior  distributions  by  employing  Bayesian  statistics  (DeGroot, 
1970)  to  compute  the  posterior  distributions.  Notwithstanding  these  issues,  one  must 
work  in  the  present  with  limited  data  sets  and  attempt  to  assign,  on  a  case  by  case  basis, 
distributions  to  model  parameters  that  realistically  reflect  the  current  state  of  knowledge 
(as  perceived  by  the  assessor).  If  measured  data  exist  for  model  parameters,  graphical  and 
statistical  tests  can  be  used  to  determine  whether  to  reject  an  assigned  (hypothesized) /*# 
however,  no  tests  exist  which  can  unequivocally  prove  that  an  assigned  distribution  is  the 
correct  one. 

Many  distribution  shapes  can  be  used  to  represent  parameter  uncertainties. 
Among  thepdfs  considered  in  this  study  are  the  uniform  (or  rectangular),  triangular, 
normal,  and  lognormal  probability  density  functions.  The  choice  of  distribution  depends 
on  the  information  available  for  the  specific  parameter  being  considered.  A  description  of 
each  of  these  distribution  shapes  follows. 

The  uniform /*#" represents  the  simplest  distribution  shape  for  continuous  random 
variables.  For  this  pdf  the  random  variable  has  an  equal  probability  of  assuming  any  value 
between  a  specified  minimum  and  maximum  value.  If  the  minimum  value  is  represented  by 
a  and  the  maximum  by  b,  the  pdf Tor  the  uniform  distribution  is  given  as: 

«to  =  — — ,        asxsb  (3-1) 

(b-a)  V      > 

where  x  refers  to  a  specific  value  of  the  random  variable,  denoted  as  X.  The  integral  of 
the  pdf  over  a  specified  range  of  values  Ax  is  the  probability  of  X  taking  on  a  value  in  that 
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range.  A  typical  uniform  distribution  is  shown  in  Figure  3-1 .  This  distribution  shape  is 
useful  when  the  only  information  known  about  the  parameter  is  the  range  of  possible 
values  and  when  no  other  sufficiently  detailed  information  exists  to  justify  one  of  the  other 
a  priori  pdfs. 


0.15 


& 


Figure  3-1 .  Example  of  a  uniform  probability  density  function  with  a  =  0  and  b  =  10. 

The  triangular  probability  density  function  has  three  parameters,  the  minimum 
value  a,  the  mode  (or  most  probable  value)  b,  and  the  maximum  value  c.  Three  cases  can 
be  identified  for  triangular  distributions.  For  case  one,  a  <  b<  c;  for  case  two,  a  =  b<c; 
and  for  case  three,  a<b  =  c.  Typical  distribution  shapes  associated  with  these  cases  are 
shown  in  Figure  3-2.  Functions  representing  the pdf  are  given  by  the  following  equations 
for  these  three  cases: 


Case  one  (a  <  b  <  c): 


f(x) 


2(x-a) 
(c-a)(b-a) 

2(c-x) 
[    (c-a)(c-b) 


a  <:x  <:b 


b  sx  <.c 


(3-2) 
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Case  two  (a  =  b  <  c): 


f(x)=2(c;x)       a 
(c-a)2 


<x  <.c 


(3-3) 


Case  three  (a  <  b  =  c): 


f(x)  =   *±Z*L 
(c-a)2 


aa« 


(3-4) 


This  distribution  shape  is  useful  for  model  parameters  with  values  that  tend  toward  a 
single  most  likely  value  (i.e.,  stochastic  variability  is  not  expected  to  be  large),  but  the 
paucity  of  data  precludes  that  value  from  being  specified  exactly. 
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a)  Case  1 :  a  <  b  <  c 
a  =  0,  b  =  3,  c=10 
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c)  Case  3 :  a  <  b  =  c 
a  =  0,  b  =  c=  10 
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Figure  3-2.  Examples  of  triangular  probability  densities  for  the  three  possible  cases 
discussed  in  text:  (a)  Case  one:  a<b<c,  (b)  Case  two:  a=b<c,  and  (c)  Case  three:  a<b=c. 


The  normal  (or  Gaussian)  probability  density  function  is  specified  by  two 
parameters,  u  and  o,  where  u  represents  the  mean  value  and  o  represents  the  standard 
deviation.  The pdf  for  the  normal  distribution  is: 


f(x) 


v/(2n)o 


-  exp 


(x-H)2 
2o2 


-»iX  <.  <*> 


(3-5) 
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Two  examples  of  this  distribution  are  represented  in  Figure  3-3.  In  the  figure,  the 
distributions  are  truncated  at  2.5o;  however,  mathematically  the  tails  go  to  infinity.  This 
distribution  is  useful  for  representing  random  data  that  generally  follow  a  bell-shaped 
distribution.  Many  biological  parameters  have  been  found  to  be  well  represented  by  a 
normal  distribution  (e.g.,  body  height).  This  distribution  is  also  useful  for  accommodating 
random  error  or  uncertainty  in  mean  values  according  to  the  central  limit  theorem. 


Figure  3-3.  Examples  of  two  typical  normal  probability  density  functions. 

The  (two-parameter)  lognormal  density  function  is  related  to  the  normal 
distribution  by  a  simple  transformation  of  the  random  variable,  X.  If  X  is  lognormally 
distributed,  then  ln(X)  follows  a  normal  distribution.    Specification  of  the  lognormal 
distribution  requires  two  parameters,  y  and  <j),  where  y  is  the  mean  value  of  In  X  and  4> 
the  standard  deviation  of  In  X.  The  pdf  for  the  lognormal  distribution  is  given  by: 


is 


f(x) 


v/(2^)<f> 


-exp 


'  _  (lnx-Y)2> 

2*2        ; 


Oixi» 


(3-6) 
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Two  quantities  related  to  the  parameters  of  the  lognormal  distribution  are  the  geometric 
mean,  u^  and  the  geometric  standard  deviation,  o^  (also  denoted  by  GSD  throughout 
this  document).  These  quantities  are  given  by  the  following  expressions: 


•V  =  exp(y)  ; 


°r»  =  ^P  MO 


(3-7) 


Two  examples  of  lognormal  distributions  are  plotted  in  Figure  3-4  for  two  values  of  o^. 
As  °geo  (or  40  increases,  so  does  the  dispersion  of  the  random  variable.  A  value  of  a„ 
equal  to  one  represents  no  dispersion  (i.e.,  variable  has  only  one  possible  value). 
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Figure  3-4.  Examples  of  lognormal  probability  density  functions. 


The  lognormal  distribution  often  provides  a  good  representation  for  quantities 
constrained  to  be  non-negative  and  positively  skewed.  Many  biological  quantities  are 
represented  well  by  lognormal  distributions.  For  quantities  possessing  a  lognormal 
distribution,  the  following  expressions  relating  the  (arithmetic)  mean  and  standard 
deviation  (u  and  o)  to  the  geometric  mean  and  GSD  (u     and  a    )  are  useful: 
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*m  *     )  >        °m  "  «p  Vln(o2/»i2  ♦  1)   .  (3-8) 

yo2/n2  +  i 

Expressions  in  Eq.  (3-8)  have  been  derived  from  equations  presented  in  Table  5.2  of 
Morgan  and  Henrion  (1990). 


3.2.3.  Testing  the  Fit  of  an  Assigned  Distribution 

If  sampled  data  exist  for  a  model  parameter,  then  techniques  exist  for  evaluating 
the  fit  of  an  assigned  (hypothesized)/*^  with  respect  to  the  data  set.  Distributions  based 
purely  on  subjective  judgement  or  expert  opinion  (i.e.,  no  adequate  data  set  exists), 
however,  cannot  be  tested  by  any  statistical  means.  Furthermore,  as  a  result  of  the 
scientific  method,  a  hypothesized/^ cannot  be  proved,  only  rejected  based  on  the  data 
set.  Tests  of  distribution  fit  considered  in  this  study  can  be  categorized  as  either  graphical 
or  statistical;  both  involve  an  analytical  component. 

Graphical  tests  involve  plotting  distributions  and  comparing  shapes.  One 
commonly  used  graphical  test  involves  the  probability  plot  (Hahn  and  Shapiro,  1967; 
King,  1971;  Filliben,  1975;  Vogel,  1986).  Such  a  plot  possesses  a  cumulative  probability 
axis  and  a  value  axis  for  the  random  variable.  The  scale  of  the  probability  axis  is  designed 
so  that  the  cumulative  probability  of  the  specified  distribution  shape  (i.e.,  the  distribution 
shape  which  is  being  tested,  e.g.,  a  normal  distribution)  plots  as  a  straight  line  versus  the 
random  variable.  An  observed  data  set  can  be  tested  to  determine  if  it  is  consistent  with 
the  specified  distribution  shape  by  plotting  the  cumulative  probability  of  the  data  set  versus 
the  data  values.  If  the  graphed  data  can  be  approximated  well  by  a  straight  line,  then  the 
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data  set  is  at  least  consistent  with  the  specified  distribution.  Normal  and  lognormal 

probability  distributions  are  examples  of  distribution  shapes  which  have  been  used  to 
create  probability  plots.  These  plots  are  also  useful  in  selecting  mean  values  and  standard 
deviations  for  the  variable  being  investigated.  Other  graphical  techniques  simply  involve 
comparing  various  predicted  fractiles  (based  on  an  assigned  distribution)  to  the  measured, 
or  observed,  fractiles. 

Statistical  tests  involve  computing  various  test  statistics  and  comparing  them  to 
tabulated  values  to  determine  whether  a  sampled  data  set  is  consistent  with  the 
hypothesized  distribution.  Such  statistical  goodness-of-fit  tests  are  numerous.  The  more 
popular  tests  are:  (1)  the  chi-squared  test;  (2)  the  non-parametric  Kolmogorov-Smirnov 
test  (e.g.,  see  Sachs,  1984,  pp.  320-332;  Conover,  1980);  (3)  Lilliefors1  test  (Lilliefors, 
1967,  1969);  (4)  the  W  test  developed  by  Shapiro  and  Wilk  (1965);  and  (5)  D'Agostino's 
test  (D'Agostino,  1971).  The  chi-squared  test  is  technically  suitable  only  for  discrete 
random  variables;  however,  it  can  be  applied  to  continuous  variables  with  some  effort  and 
caution  in  interpreting  results.  The  Kolmogorov-Smirnov  goodness-of-fit  test  is  useful  for 
evaluating  the  fit  of  any  continuous  hypothesized  distribution;  however,  it  may  not  be  valid 
if  parameters  of  the  hypothesized  distribution  are  estimated  from  the  data  set.  Lilliefors' 
test  allows  the  parameters  of  the  hypothesized  distribution  to  be  estimated  from  the  data 
set  but  only  applies  to  tests  involving  a  hypothesized  normal  or  lognormal  distribution. 
The  W  test  is  also  limited  to  an  hypothesized  normal  or  lognormal  distribution.  As 
published  by  Shapiro  and  Wilk  (1965),  the  W  test  could  be  performed  for  samples  with 
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n  s  50.  D'Agostino's  test  extended  the  W  test  to  n  between  50  and  1000.  Royston  (1982, 

cited  in  Gilbert,  1987)  developed  a  procedure  allowing  the  W  test  for  n  up  to  2000.  The 

W  test  has  been  discussed  and  applied  by  Gilbert  (1987),  who  described  it  as  one  of  the 

most  powerful  tests  available  for  detecting  departures  from  a  hypothesized  normal  or 

lognormal  density  function. 

3.2.4.  Subjective  Probability  Judgements  and  Expert  Opinion 

Many  of  the  parameters  examined  in  this  study  are  not  associated  with  direct  data 
sets.  The  problem  is  that  many  quantities  of  interest  in  respiratory  tract  modeling  cannot 
be  reliably  measured  nor  have  they  been  the  subject  of  direct  investigation.  For  such 
parameters,  this  study  has  relied  on  a  subjective  approach  in  assigning  distributions.  Even 
with  measured  data  sets,  some  level  of  subjectiveness  remains  in  the  assignment  process 
since  a  variety  of  distribution  shapes  are  generally  acceptable  by  available  statistical  tests. 

In  some  cases  (e.g.,  regarding  the  particle  transport  aspect  of  the  clearance  model), 
parameter  uncertainties  have  been  discussed  by  individuals  who  can  be  considered 
"experts"  with  respect  to  the  parameter  of  interest.  In  such  cases,  the  distributions 
recommended  by  these  individuals  have  been  adopted  to  represent  parameter 
uncertainties.  In  cases  where  no  expert  opinion  exists,  this  study  has  attempted  to  collect 
as  much  information  as  possible  in  order  to  make  a  defensible  recommendation  for  the 
distribution  shape.  In  the  case  where  conflicting  expert  opinion  exists,  one  approach  may 
be  an  attempt  to  combine  the  opinions,  for  example,  by  sampling  parameter  values  from 
two  (or  more)  weighted  distributions.  Ultimately,  the  effort  directed  toward  quantifying 
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uncertainties  in  a  particular  parameter  should  be  kept  in  perspective  concerning  the 

relative  contribution  that  parameter  makes  to  uncertainty  in  model  predictions  (i.e.,  the 
parameter  might  not  influence  results  significantly  compared  to  other  variables  in  the 
model;  or  disagreement  among  experts  is  insignificant  with  respect  to  model  output). 
An  interesting  discussion  of  subjective  probability  and  various  techniques  for 
eliciting  probability  judgements  from  experts  and  others  can  be  found  in  Chapters  6  and  7 
of  Morgan  and  Henrion  (1990).  In  their  discussion  of  elicitation  techniques,  Morgan  and 
Henrion  note  that  "a  strong  and  consistent  tendency  to  overconfidence"  generally  exists 
among  assessors.  Overconfidence,  as  discussed  by  those  authors,  refers  to  the  tendency  of 
an  assessor  to  assign  more  events  to  the  tails  of  a  distribution  than  actually  exist.  In  other 
words,  assessors  tend  to  broaden  the  distribution  somewhat,  increasing  the  probability 
associated  with  unlikely  (or  rare)  events.  As  an  example  of  overconfidence,  the  authors 
show  a  plot  of  the  estimated  deaths  per  year  (by  a  group  of  40  well-educated  people,  but 
not  necessarily  experienced  actuarians)  versus  the  actual  deaths  per  year  from  a  variety  of 
causes.  Actual  deaths  per  year  caused  by  tornadoes  are  about  80;  the  group  of  people 
estimated  that  about  800  deaths  per  year  were  caused  by  tornados.  It  is  obvious  that  for 
some  types  of  rare  events  (e.g.,  death  due  to  a  tornado),  emotions  play  a  key  role  in 
influencing  judgement  and  opinion.  The  authors  also  discuss  situations  in  which  "experts" 
might  under-estimate  or  over-estimate  the  probabilities  associated  with  unlikely  events  in 
efforts  to  influence  decisions  made  as  a  result  of  an  uncertainty  analysis  (e.g.,  the  decision 
to  fund  research  and  development  in  which  the  assessor  is  involved). 
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3.3.  Propagation  of  Parameter  Uncertainty 

Once  distributions  have  been  assigned  to  parameters  and  correlations  defined,  both 
analytical  and  numerical  techniques  exist  for  propagating  parameter  uncertainties  through 
mathematical  models  (e.g.,  for  an  overview  see  IAEA,  1989;  Morgan  and  Henrion,  1990). 
The  most  common  analytical  methods  are  variance  propagation  and  moment  matching. 
Both  of  these  methods  require  an  algebraic  representation  for  the  model.  In  the  present 
study  such  a  formulation  is  not  practical  since  numerical  algorithms  must  be  employed  to 
solve  certain  aspects  of  the  model  (e.g.,  energy  deposition  in  target  regions).  Therefore, 
numerical  techniques  for  uncertainty  propagation  have  been  used  in  this  study. 

For  sake  of  discussion,  it  is  convenient  to  consider  the  respiratory  tract  model  as  a 
function,  g,  of  the  m  model  parameters  (input  variables  X„  X2,  X3, ...,  X»  in  following 
discussions),  which  are  characterized  by  assigned  probability  distributions.  If  Y  is  taken  as 
a  model  prediction,  then  Y  =  g(Xl,  X2,  X3,..„  XJ.  A  single  set  of  sampled  values  {x„  x2, 
x3, ...,  xJ  required  to  solve  the  model  for  a  single  trial  is  defined  as  an  input  vector.  In  a 
numerical  propagation  of  parameter  uncertainties,  n  input  vectors  (comprised  of  n 
sampled  values  for  each  of  m  variables)  are  determined  by  either  simple  random  sampling 
or  Latin  hypercube  sampling  techniques.  These  n  input  vectors  are  then  used  in  the 
model  to  produce  n  realizations  of  Y.  Numerical  techniques  employed  to  sample  values 
from  parameter  distributions,  for  purposes  of  propagating  uncertainties  through  the  model 
structure,  are  discussed  in  following  sections. 
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3.3.1.  Simple  Random  Sampling 

In  simple  random  sampling  n  values  are  randomly  selected  for  each  parameter  (or 
input  variable)  using  a  straightforward  Monte  Carlo  technique.  The  technique  involves 
two  components,  a  random  number  generator  and  a  numerical  representation  for  the 
inverse  cumulative  distribution  function  for  the  input  variable.  The  approach  is  as  follows: 
(1)  a  value,  £,  is  selected  at  random  between  0  and  1  based  on  a  uniform  distribution;  (2) 
the  inverse  cumulative  distribution  function  for  input  variable  X,  denoted  as  F*lrF(x)],  is 
then  evaluated  at  F(x)  =  \  to  determine  a  sampled  value,  x  =  Fl($),  for  input  variable  X. 

In  practice  \  is  actually  a  pseudo-random  number  since  it  is  determined  by  a 
numerical  algorithm.  Many  pseudo-random  number  generators  are  available  for  sampling 
values  for  £ .  This  study  has  used  an  algorithm  suggested  by  Park  and  Miller  (1988).  The 
algorithm  is  efficient  and  works  on  any  computer  system  for  which  the  maximum  value  of 
an  integer  variable  is  (231  -  1)  or  larger.  For  most  computer  systems,  this  value 
corresponds  to  an  integer  which  is  allocated  at  least  four  bytes  (32  bits)  of  memory.  The 
algorithm  is  shown  in  Figure  3-5. 

Specification  of  the  inverse  cumulative  distribution  function  is  the  more  difficult 
component  of  the  Monte  Carlo  technique.  The  cumulative  distribution  function,  F(x), 
represents  the  probability  that  a  parameter  X  is  less  than  or  equal  to  some  value  x  and  is 
related  to  the  probability  density  function,  fi»,  by  the  following  expression: 


X 

F(x)  = 


[  f(x')dx'    .  (3-9) 


90 


Integers:  A,  M,  Q,  R,  LO,  HI,  TEST,  SEED 

Real:  MINV,  £ 

Parameters:     A=16807,  M=2147483647 

Q=127773,R=2836 
Notes:  Q=M/A  (integer),  R=Remainder  of  M/A 
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Figure  3-5.  Algorithm  to  generate  a  random  number,  £,  on  the  interval  (0,1). 
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Solving  Equation  3-9  for  x  as  a  function  of  F(x)  yields  the  inverse  cumulative  function, 

F'[F(x)].  For  some  simple  distributions,  an  analytical  expression  can  be  obtained  for 
FlrF(x)].  For  example,  for  an  input  parameter  uniformly  distributed  between  a  and  b, 
F(x)  =  (x-a)/(b-a),  so  that  x  =  F1[F(x)]  =  a  +  ¥(x)*(b-a).  However,  for  a  normal  (or 
lognormal)  distribution,  an  explicit,  analytical  form  for  the  inverse  cumulative  distribution 
does  not  exist.  In  these  circumstances  numerical  approximations  must  be  used. 

For  example,  the  Box-Muller  method  (e.g.,  Press  et.  al.,  1986)  is  a  technique  that 
uses  two  randomly  sampled  values  of  £  (i.e.,  ^  and  £i+1)  to  generate  pairs  of  values 
sampled  from  an  approximate  normal  distribution.  Other  numerical  approximations  have 
also  been  suggested  for  evaluating  the  inverse  cumulative  function  of  normal  and  other 
distributions  (Abramowitz  and  Stegun,  1964;  Hastings,  1955;  Press  et  al.,  1986).  For 
more  details  on  the  Monte  Carlo  method  and  its  applications  the  reader  is  referred  to 
discussions  by  Cashwell  and  Everett  (1959),  Carter  and  Cashwell  (1975),  Rubinstein 
(1981),  and  Bouleau  ( 1994). 

3.3.2.  Latin  Hvpercube  Sampling 

Latin  hypercube  sampling  (abbreviated  LHS;  developed  by  McKay  et  al.,  1979) 
involves  a  constrained  Monte  Carlo  sampling  scheme.  In  LHS  the  cumulative  probability 
distribution,  F(x),  is  partitioned  into  n  non-overlapping  intervals  of  equal  probability,  and 
simple  random  sampling  is  used  within  each  interval  to  generate  n  sampled  values  for 
parameter  X.  The  feature  of  LHS  is  that  it  results  in  a  smoother  sample  from  the  assigned 
parameter  distribution  with  fewer  trials  (smaller  n)  than  would  be  required  by  simple 
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random  sampling.  The  effect  of  this  smoother  sample  for  parameters  is  a  potentially 

smoother  output  distribution  for  the  model  predictions  (with  fewer  trials).  The  Latin 

hypercube  sampling  method  derives  its  name  from  fractional  factorial  sampling  schemes 

such  as  Latin  squares  (Liebetrau  and  Doctor,  1987). 

A  Latin  hypercube  sample  of  size  n  is  generated  as  follows  (Iman  and 
Shortencarier,  1984).  The  range  for  each  of  the  m  variables  (i.e.,  X„  X2,  X3, ...,  XJ  is 
divided  into  n  non-overlapping  intervals  (numbered  from  1  to  n  from  smallest  to  largest 
values)  having  equal  probability  (i.e.,  each  interval  is  associated  with  a  probability  of  Mri). 
One  value  is  randomly  selected  from  each  of  the  n  intervals  with  respect  to  the  probability 
density  function  using  the  Monte  Carlo  techniques  outlined  above.  This  selection  process 
results  in  n  values  for  the  m  variables.  The  n  values  obtained  for  X,  are  paired  in  a 
random  manner  with  the  n  values  of  X2.  These  n  pairs  {Xlf,  X^,  n  are  then  combined  in 
a  random  manner  with  the  n  values  of  X3  to  form  n  triplets  (Xn,  Xa,  X3i}i=1  n,  and  so  on, 
until  finally  n  /w-tuples  are  formed.  These  n  /w-tuples  comprise  a  numerical  sample  of  the 
joint  subjective  pdffoT  the  combined  range  of  parameter  values.  The  model  is  solved  for 
each  of  the  n  m-tuples  to  yield  n  predicted  values.  These  n  predicted  values  form  a 
numerical  sample  of  the  subjective /*#"  for  the  prediction. 

If  desired,  special  techniques  can  be  used  in  the  pairing  process  to  induce 
correlations  between  sampled  variables.  A  technique  for  inducing  correlations  in  Latin 
hypercube  samples  has  been  suggested  by  Iman  and  Conover  (1982).  In  the  present  study 
correlations  have  been  handled  more  directly  by  using  reported  regression  equations  and 
associated  residual  error  terms.  Subsequently,  in  this  study,  the  LHS  samples  are  assumed 
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to  be  composed  of  independent  random  variables  (i.e.,  random  pairing  techniques  have 

been  used  without  inducing  correlations).  However,  the  computational  code  used  in  this 

study  to  generate  the  n  /w-tuples  is  capable  of  implementing  the  restrictive  pairing 

technique,  if  desired  in  future  work. 

To  illustrate  the  LHS  method,  Figure  3-6  shows  a  typical  LHS  sample  of  size  n  =  5 
for  m  =  2  input  variables,  X,  and  X2.  Uncertainty  in  X,  is  characterized  by  a  lognormal 
distribution;  uncertainty  in  X2  is  represented  by  a  triangular  distribution.  The  distributions 
are  first  divided  into  n  =  5  intervals  each  having  a  probability  of  \ln  =  0.2.  One  value  is 
then  randomly  selected  with  respect  to  the  probability  distribution  from  each  of  the  five 
intervals  for  each  variable.  The  values  are  then  paired  by  associating  random  permutations 
of  the  integer  set  { 1,  2,  3,..., «}  with  the  intervals  sampled  for  each  input  variable.  The 
permutation  is  selected  at  random  from  the  n\  possibilities.  For  the  example  shown  in 
Figure  3-6,  the  random  permutation  for  variable  X,  is  {2,  5,  3,  4,  1 };  for  variable  X2  the 
random  permutation  is  {5,  2,  1,  4,  3}.  These  permutations  correspond  to  the  intervals  that 
are  paired  to  form  each  of  the  n  =  5  trials  and  are  indicated  by  <9's  in  the  figure.  Table  3-2 
shows  the  intervals  paired  for  each  indicated  trial. 

Principal  features  of  the  LHS  method  (Andres,  1987)  are:  (1)  LHS  produces 
unbiased  estimators  for  the  population  mean  and  cumulative  density  function  of  any  output 
variable  Y  (as  determined  by  the  specified  parameter  distributions  and  mathematical 
model),  and  (2)  LHS  potentially  provides  a  more  efficient  means  for  estimating  various 
quantities  for  the  model  prediction  (e.g.,  mean,  variance,  fractiles)  than  simple  random 
sampling  since  estimates  (from  LHS)  are  expected  to  exhibit  less  variation  from  sample  to 
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Figure  3-6.  Example  of  a  Latin  hypercube  sample  of  size  n  =  5  drawn  for  two  input 
variables,  X,  and  X2. 
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Table  3-2.  Intervals  paired  for  the  Latin  hypercube 
sample  shown  in  Figure  3-6. 


Trial 

Interval  for  X, 

Interval  for  X2 

1 

2 

5 

2 

5 

2 

3 

3 

1 

4 

4 

4 

5 

1 

3 

sample  (for  the  same  sample  size,  ri).  Disadvantages  of  LHS  include:  (1)  Potentially  large 
memory  storage  requirements  since  a  the  sample  be  produced  in  its  entirety  before  solving 
the  model  (simple  random  sampling  does  not  have  this  restriction).  This  limitation  has  not 
been  a  problem  in  the  current  study  because  memory  requirements  did  not  exceed 
capacities.  An  estimate  of  the  LHS  memory  requirement  for  32-bit  variables  (on  most 
systems)  is  given  by  the  product  (4  bytes  per  variable)*(/w  variables) *(n  trials).  For 
example  in  this  study,  n=1000  was  used  with  about  70  variables;  so  roughly  280  kilobytes 
were  needed  for  the  LHS  data  (not  including  additional  memory  to  store  executable 
program  and  output  data).  (2)  No  simple  methods  exist  for  obtaining  confidence  limits  for 
estimators  (e.g.,  estimated  fractiles)  derived  by  LHS  techniques.  The  only  solution  is  to 
draw  a  second  independent  sample  of  size  n,  compute  a  new  estimate  of  the  fractile,  and 
compare  it  to  the  first  to  get  an  idea  of  the  sampling  error.  Simple  random  sampling  does 
not  have  this  limitation.  (3)  LHS  can  be  influenced  by  the  degree  of  monotonic 
relationship  between  the  model  predictions  versus  input  variables.  If  the  model  is  not  a 
monotonic  function  of  each  input  variable  then,  according  to  Andres  (1987),  the  LHS 
technique  may  be  no  better  than  simple  random  sampling. 
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3.4.  Presentation  of  Uncertainties  in  Model  Predictions 
Many  useful  quantities  exist  for  summarizing  the  results  of  an  uncertainty  analysis. 
Among  the  quantities  considered  in  this  study  are  various  distribution-free  fractile 
estimates,  means  (arithmetic  and  geometric),  and  standard  deviations  (arithmetic  and 
geometric).  Cumulative  probability  plots  of  the  n  predicted  values  for  various  assessed 
quantities  also  provide  a  useful  format  for  presentation.  While  these  plots  allow  various 
fractiles  to  be  ascertained  graphically,  they  also  permit  a  graphical  test  to  determine 
whether  the  distribution  of  values  is  consistent  with  a  particular  distribution  shape  (e.g., 
lognormal).  Normalized  frequency  histograms  are  also  useful  for  comparing  distribution 
shapes  among  different  assessed  quantities. 

Upon  generating  the  n  values  for  the  predicted  quantity  as  described  above,  the 
distribution-free  (sample)  fractiles  can  be  obtained  in  the  following  manner.  First  the 
predicted  values  are  arranged  in  increasing  order.  Then  an  empirical  cumulative 
probability  of  \ln  is  assigned  to  the  smallest  value,  2/«  is  assigned  to  the  next  value,  and  so 
on.  This  process  results  in  an  empirical  cumulative  distribution  function.  This  function 
can  be  used  to  estimate  various  fractiles  (or  percentiles)  of  the  numerical  sample.  For 
example  the  £-th  ordered  prediction  value  provides  an  estimate  of  the  (k/n)*\00%  sample 
fractile.  These  estimates  are  distribution-free  since  they  do  not  depend  on  any  assumed 
distribution  shape  for  predicted  values.  Fractiles  of  general  interest  include  the  2.5%,  5%, 
25%,  50%,  75%,  95%,  and  97.5%.  The  50%  fractile  corresponds  to  the  median  of  the 
distribution  and  is  a  measure  of  the  central  tendency  of  the  distribution.  The  95%  fractile 
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is  of  interest  in  many  regulatory  standards.  The  2.5%  and  97.5%  fractiles  are  of  interest 
since  they  represent  the  lower  and  upper  bounds,  respectively,  of  the  95%  confidence 
interval  for  the  prediction.  The  95%  confidence  interval  provides  an  indication  of  the 
spread  in  predicted  values. 

3.5.  Parameter  Sensitivity  Techniques 
Several  techniques  exist  for  performing  both  local  and  global  parameter  sensitivity 
analyses  (e.g.,  see  Hamby,  1995;  IAEA,  1989;  Iman  and  Helton,  1988;  Crick  et  al.,  1987; 
Iman  and  Conover,  1982).  Local  sensitivity  analyses  involve  variations  in  a  single  model 
parameter  with  all  other  parameters  set  to  a  nominal  scenario  (e.g.,  reference  or  default 
values).  Local  analyses  are  generally  easy  to  implement  (the  model  can  be  solved  without 
using  random  sampling  techniques);  however,  their  results  cannot  be  easily  extrapolated  to 
other  scenarios,  and  interactions  among  parameters  cannot  be  easily  incorporated.  Global 
sensitivity  analyses  involve  a  multivariate  approach  where  all  parameters  are  allowed  to 
vary  over  their  range  simultaneously.  The  global  approach  accounts  for  the  joint 
probability  density  function  for  the  combined  range  of  all  parameters  (i.e.,  parameter 
interactions  and  probabilities  are  included).  For  the  model  examined  in  this  study,  the 
desire  is  to  examine  sensitivities  from  a  global  perspective.  Due  to  the  mathematical 
complexity  of  the  model,  a  numerical  approach,  consistent  with  the  random  sampling 
techniques  discussed  in  previous  sections,  has  been  adopted  to  examine  parameter 
sensitivities  in  the  respiratory  tract  model. 
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Previous  sections  have  addressed  techniques  for  representing  parameter 
uncertainties  and  correlations  and  for  generating  appropriate  numerical  samples  of  the 
joint  probability  density  function  for  the  combined  range  of  parameter  values.  Once  the  n 
m-tuples  {Xh,  X^  X3i, ...,  X^}^!  n  have  been  generated  and  the  respiratory  tract  model  has 
been  solved  for  n  values  of  the  assessed  quantity  { YJi=j  n,  parameter  sensitivities  can  be 
estimated  from  the  resulting  data  set  {X,j,  Xa,  X3i, ...,  X^,  Yj}i=1  n  by  use  of  regression 
methods.  For  models  which  are  not  linear  with  respect  to  input  variables  (such  as  the 
respiratory  tract  model),  the  IAEA  (1989)  has  suggested  computing  and  using  various 
correlation  and  regression  coefficients  of  the  data  set  as  measures  of  parameter  sensitivity. 
Regression  coefficients  are  determined  by  fitting  a  multivariate  regression  model  to 
the  rank-transformed  data  set  associated  with  n  trials.  Using  the  set  of  the  n  multivariate 
observations,  {Xu,  X^,  X3j,  ...,  X^,  Y;}i=ln ,  the  following  multiple  linear  regression  model 
can  be  fit  to  the  data  by  the  least  squares  method: 

Y  -  b0  ♦  £    b.X,  (3-10) 

j-i 

where  Y  represents  the  regression  prediction;  b0  is  a  constant  and  bj  is  the  regression 
coefficient  for  parameter  Xj.  The  regression  coefficient  represents  the  partial  derivative  of 
the  regression  model  with  respect  the  associated  input  variable.  Thus,  the  regression 
coefficient  provide  a  measure  of  the  change  in  the  model  prediction  per  unit  change  in  the 
input  parameter.  One  measure  for  the  degree  of  fit  of  the  regression  model  is  provided  by 
its  R2  value  (or  coefficient  of  determination)  which  is  computed  as: 
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i 

E    (Y,  -  Y)2 


Rv   - (3-11) 


The  value  of  R/  is  equal  to  the  fraction  of  the  variance  in  the  assessed  quantity,  Y,  that  is 
explained  by  the  regression  on  the  XV  For  simple  linear  regression  involving  one 
independent  variable  X,  R/  corresponds  to  the  correlation  coefficient  squared  for  X  and 
Y.  For  multiple  linear  regression,  involving  more  than  one  independent  variable,  Ry2 
corresponds  to  the  multiple  correlation  coefficient  squared  (as  defined,  for  example,  in 
Conover,  1980).  Assuming  that  (multiple)  linear  regression  is  an  appropriate 
approximation  of  the  actual  model,  step-wise  regression  can  be  performed  in  which  input 
parameters  are  added  to  the  regression  one-at-a-time;  the  increase  in  R2  provides  a 
measure  of  the  variance  in  the  assessed  quantity  that  is  explained  by  the  added  parameter. 

The  regression  coefficient  bj  in  Eq.  3-10  provides  a  measure  of  the  sensitivity  of 
the  output  variable,  Y,  with  respect  to  changes  in  the  associated  input  variable  Xj. 
However,  the  set  of  regression  coefficients  cannot  generally  be  compared  since  they  are 
influenced  by  the  units  used  to  express  the  input  variables  (e.g.,  grams,  kilograms, 
liters/minute,...,  etc.).  To  remove  the  influence  of  parameter  units  on  the  regression 
coefficients,  Iman  et  al.  (1985)  have  suggested  that  the  data  be  "standardized"  and  the 
regression  coefficients  be  determined  from  the  standardized  data  set.  The  data  are 
standardized  by  the  following  transformation:  Xf  =  (X.  -x.  )/sxj  where  X.  is  the  sample 
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mean  and  s^  is  the  sample  standard  deviation  for  variable  Xj.  Using  the  standardized  data 
set  {X*,j,  X*a,  X*^, ...,  X*^,  Y*i}i=in ,  the  regression  model  can  be  rewritten  as: 

Y*  =  £    b^X*.  (3-12) 

j-i 

where  bj*  is  the  standardized  regression  coefficient  (SRC)  for  parameter  Xj.  The 
standardized  regression  coefficient  of  a  parameter  (or  input  variable,  X)  "indicates  by  how 
many  standard  deviations  Sy  the  approximate  model  prediction  changes  if  this  parameter  is 
changed  by  one  standard  deviation  sx,  all  other  parameters  remaining  constant.  (IAEA, 
1989,  p.  55)"  The  values  of  bj*  can  be  compared  directly  since  the  influence  of  units  has 
been  removed.  The  larger  the  magnitude  of  bj*,  the  more  sensitive  the  model  predictions 
are  to  changes  in  Xj*.  A  negative  value  indicates  that  an  increase  in  Xj*  results  in  a 
decrease  in  Y*.  By  ranking  the  standardized  regression  coefficients  based  on  their 
magnitudes,  the  most  important  model  parameters  can  be  determined. 

A  major  assumption  in  this  treatment  is  that  the  regression  model  provides  an 
adequate  representation  of  the  more  complex  computational  model.  The  R2  value  for  the 
regression  provides  a  measure  of  the  adequacy  of  the  regression.  For  mathematical 
models  that  are  not  linearly  related  to  all  input  parameters  (e.g.,  the  model  examined  in 
this  study),  the  linear  regression  models  discussed  above  are  expected  to  be  inadequate. 
In  such  cases,  the  IAEA  (1989)  has  suggested  that  the  regression  model  be  based  on  the 
rank-transformed  data  set. 

The  rank-transformed  data  set  is  obtained  by  ranking  the  /;  sampled  (and 
predicted)  values  in  the  data  set  for  each  variable  while  retaining  the  association  of  values 
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for  the  i-th  trial.  As  an  example,  Table  3-3  lists  a  hypothetical  data  set  with  n  =  5  trials,  m 
=  3  input  parameters,  and  one  prediction.  The  rank-transformed  data  set  is  shown  in  the 
right  portion  of  the  table. 


Table  3-3.  Example  of 

a  hypothetical  data  set  and  its  rank-transformed  data  set. 

Original  Data  Set  (n  = 

5,  m  =  3) 

Rank-Transformed  Data  Set 

Trial 

Xj         X2 

x3 

Y 

Trial 

RankX,  RankX2  RankX3 

RankY 

1 

2.4         1.2 

4.2 

29.0 

1 

2             2.5*         3 

4 

2 

2.2         1.3 

4.1 

31.1 

2 

1              4             2 

5 

3 

3.1          1.1 

4.3 

22.3 

3 

5              1              4 

1 

4 

2.7         1.4 

4.4 

24.2 

4 

3              5              5 

2 

5 

3.0         1.2 

3.9 

27.6 

5 

4              2.5'          1 

3 

a  For  ties,  an  average  rank  is  assigned. 


The  coefficients  of  the  multiple  linear  regression  equation  based  on  the  rank- 
transformed  data  are  known  as  standardized  rank  regression  coefficients  (SRRC). 
Whether  the  sampled  data  or  the  standardized  data  are  used  is  not  important  since  the 
ranks  will  be  the  same.    Basing  the  regression  on  the  rank-transformed  data  increases 
explanatory  power  of  the  regression  model  (by  reducing  effects  of  model  nonlinearity  on 
the  regression  analysis  results).  For  a  given  model  parameter,  the  standardized  rank 
regression  coefficient  provides  a  measure  of  the  degree  of  monotonic  relationship  between 
that  parameter  and  the  model  prediction.  A  negative  value  corresponds  to  a  negative 
monotonic  relationship.  The  magnitude  of  the  SRRC  has  been  used  to  rank  parameters  in 
this  study.  The  associated  R2  value  for  the  regression  on  ranked  data  reflects  the 
adequacy  of  the  regression  in  explaining  the  variance  in  the  rank  transformed  data.  To 
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perform  the  necessary  manipulations  and  computations  required  to  estimate  SRRCs  and 
R2  values  a  computer  program  developed  by  Iman  et  al.  (1985)  has  been  employed. 

3.6.  Description  of  the  Lung  Dose  Uncertainty  Code  (LUDUO 
As  discussed  in  Chapter  1,  the  first  phase  of  this  work  has  involved  developing  a 
computational  code  to  solve  the  revised  ICRP  (1994)  respiratory  tract  model  for  given 
values  of  parameters  and  to  couple  that  model  with  an  existing  code  (Iman  and 
Shortencarier,  1984)  for  generating  simple  random  samples  and  Latin  hypercube  samples 
of  the  input  parameters.  The  overall  code  package  has  subsequently  been  named  LUDUC 
(for  Lung  Dose  Uncertainty  Code).  The  computer  code  consists  of  the  following  program 
modules  (all  but  the  second  were  developed  in  the  current  study):  (1)  scenario 
specification  and  input  module,  (2)  LHS  module  (developed  by  Iman  and  Shortencarier, 
1984),  (3)  respiratory  tract  particle  deposition  module,  (4)  respiratory  tract  clearance 
module,  (5)  short-range  radiation  dose  matrix  module,  (6)  respiratory  tract  dosimetry 
module,  and  (7)  data  presentation/  output  module.  A  schematic  diagram  of  these  modules 
indicating  the  flow  of  computations  is  shown  in  Figure  3-7. 

The  module  listed  as  item  (1)  in  Fig.  3-7  was  written  in  the  Visual  Basic™-1 
programming  language  and  runs  in  the  Microsoft0,2  Windows™-3  environment.    This 
programming  language  makes  full  use  of  the  graphical  user  interface  and  multi-tasking 


'Visual  Basic™  is  a  trademark  of  the  Microsoft  Corporation. 

2  Microsoft  Corporation,  One  Microsoft  Way,  Redmond,  WA  98052-6399. 


3Windows™  is  trademark  of  the  Microsoft  Corporation. 
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LUDUC:  Lung  Dose  Uncertainty  Code 


(1)  Scenario  Specification/Input  Module* 


b  c 
(2)  Latin  Hypercube  Sampling  Module  ' 


y 

(3)  Particle  Deposition  Module 


(4)  Clearance/Retention  Module 


(5)  Short-Range  Radiation  Dose  Matrix  Module 
(STDOSE  +  LINSUB) 


(6)  Dose  Computation  Module 


(7)  Data  Presentation  Module* 


(a)  Module  (written  in  Visual  Basic)  runs  in  Microsoft  Windows  environment 

(b)  Module  (written  in  Fortran)  runs  in  Windows  via  shell  command  to  DOS 

(c)  Module  developed  by  Iman  and  Shortencarier  (1984)  in  Fortran;  some 

minor  modifications  made  to  source  code  during  this  work. 

(d)  Stand-alone  program  (written  in  Fortran);  runs  in  DOS. 


Figure  3-7.  Schematic  diagram  showing  the  flow  of  computations  in  the  Lung  Dose 
Uncertainty  Code  (LUDUC). 
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capabilities  offered  by  the  Microsoft®  Windows™  environment.  This  module  allows  the 
user  of  LUDUC  to  specify  the  exposure  scenario  and  other  input  information.  As 
discussed  in  Chapter  1,  an  uncertainty  analysis  is  conducted  within  the  context  and  scope 
of  an  assessment  problem.  As  posed,  the  assessment  problem  requires  the  exposure 
scenario  to  be  defined  by  specifying:  (1)  the  age  and  gender  of  the  exposed  population 
group,  (2)  the  physical  exertion  level  of  the  group  during  the  exposure  (assumed  to  be 
acute  for  computational  purposes),  (3)  the  activity-particle  size  distribution  (in  terms  of 
the  aerodynamic  diameter),  the  particle  shape  factor,  and  the  particle  density,  and  (4)  the 
ambient  temperature  and  pressure.  If  desired,  the  user  can  also  specify  an  ambient  activity 
concentration  level,  and  an  exposure  duration  (otherwise  quantities  are  assessed  per  unit 
exposure).  The  code  allows  either  monodisperse  particles,  a  lognormal  particle  size 
distribution,  uniform  size  distribution,  or  a  user-supplied  histogram  (normalized)  to  be 
specified  for  the  activity-size  distribution.  This  module  also  allows  the  user  to  specify 
control  variables  that  store  the  number  of  trials  to  perform,  the  integer  seed  for  the 
random  number  generator,  and  the  truncation  level  desired  for  normal  and  lognormal 
distributions  (e.g.,  sample  from  distributions  truncated  at  two  standard  deviations).  This 
module  also  allows  the  input  distributions  (discussed  and  assigned  in  Chapter  4)  to  be 
modified  to  some  degree  by  giving  the  user  an  opportunity  to  change  distribution  shape 
and  parameters.  The  primary  function  of  the  module  is  to  set  up  the  input  files  which  are 
required  by  subsequent  modules,  including  the  Latin  hypercube  sampling  code  developed 
by  Iman  and  Shortencarier  (1984). 
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The  second  module  listed  above  was  developed  by  Iman  and  Shortencarier  (1984) 
at  Sandia  National  Laboratories.  The  module  is  available  from  those  authors  as  a 
FORTRAN  source  code.  Three  modifications  have  been  made  to  the  source  code  during 
the  current  study:  (1)  Beta  distribution  capabilities  were  disabled  since  these  distribution 
types  were  not  used  in  the  current  study.  (2)  A  feature  was  added  to  the  program  that 
allows  the  user  to  specify  truncation  levels  (in  the  input  file  read  by  the  program)  for 
samples  drawn  from  normal  and  lognormal  distributions.  The  truncation  level  corresponds 
to  the  confidence  interval  from  which  values  are  sampled  from  these  distribution  types.  A 
truncation  level  of  95%  was  used  for  all  normal  and  lognormal  distributions  in  applying 
methods  to  plutonium  oxides  (Chapter  5).  Truncation  is  needed  since  theoretical  extreme 
values  of  these  distributions  go  to  infinity.  A  truncation  level  of  95%  is  consistent  with 
standards  recommended  for  medicine  (Bo,  1969).  (3)  The  random  number  generator 
shown  in  Figure  3-5  is  incorporated  into  the  code.  As  LUDTJC  runs,  the  LHS  module 
reads  an  input  file  created  by  the  first  module  (input/scenario  module)  and  creates  a  large 
computer  file,  Ihs.raw,  to  store  the  n  /w-tuples  generated  by  the  LHS  process.  This 
module  runs  in  the  MS-DOS®'4  environment  by  a  shell  command.  Although  not  utilized 
in  this  research,  this  program  accommodates  a  user-supplied  rank  correlation  matrix  to 
induce  correlations  between  various  input  parameter  pairs. 

The  third  module  solves  the  deposition  component  of  the  ICRP  respiratory  tract 
model  discussed  in  Chapter  2.  This  module  reads  both  Ihs.raw  and  the  input  file  storing 
the  scenario  data  and  solves  the  deposition  model  n  times  to  generate  n  predictions  for  the 


4MS-DOS  is  a  registered  trademark  of  the  Microsoft  Corporation. 
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desired  output  quantities  (deposition  fractions).  The  code  employs  numerical  techniques 

to  integrate  over  polydisperse  particle  size  distributions  by  breaking  the  distribution  into 

discrete  size  ranges  and  weighting  the  deposition  fraction  for  that  size  range  by  its 

ly 

probability.  The  source  code  for  this  module  is  written  as  a  FORTRAN  subroutine  and  is 
portable  to  other  computer  systems  supporting  FORTRAN.  The  executable  module  also 
runs  in  the  MS-DOS®  environment  and  has  been  compiled/linked  using  Lahey5  FORTRAN 
(Version  5.20). 

The  fourth  module  solves  the  clearance  component  of  the  respiratory  tract  model. 
This  module  implements  the  algorithm  described  by  Birchall  (1986)  to  solve  the  system  of 
differential  equations  listed  in  Appendix  B.  The  module  reads  from  an  output  file  created 
by  the  deposition  module  to  determine  the  initial  activity  deposited  in  model 
compartments.  This  module  also  reads  both  Ihs.raw  and  the  input  file  storing  the  scenario 
data.  The  purpose  of  the  module  is  to  solve  the  clearance  model  n  times  to  generate  n 
predictions  for  the  desired  output  quantities.  Depending  on  specifications  in  the 
input/scenario  module,  the  clearance  module  computes  either  the  number  of  nuclear 
transformations  or  the  transformation  rate  in  source  components  (see  Table  2-7  for 
components)  after  a  specified  time.  These  computations  are  stored  in  an  output  file  which 
is  subsequently  read  by  the  dose  computation  module  (sixth  module).  The  source  code  for 
this  module  is  written  as  a  FORTRAN  subroutine.  The  executable  module  runs  in  the 
MS-DOS®  environment  and  has  been  compiled/linked  using  Lahey  FORTRAN. 


5Lahey  FORTRAN  is  a  product  of  Lahey  Computer  Systems,  Inc.,  P.O.  Box  6091, 
Incline  Village,  NV  89450. 
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The  fifth  module  is  a  stand-alone  program  that  computes  a  dose  matrix  used  as 

input  to  the  dose  computation  module.  This  program,  named  STDOSE,  computes  the 

equivalent  dose  to  targets  at  various  depths  in  tissues  due  to  sources  comprising  0.5  um 

thick  cylindrical  shells  (geometrical  model  for  BB  and  bb  the  airways).  In  Appendix  C, 

mathematical  techniques  employed  by  the  code  are  described,  and  the  program  is  listed. 

The  source-target  geometry  in  the  BB  and  bb  regions  is  complex  and  generally  requires 

evaluation  of  a  complex  volume  integral  in  cylindrical  coordinates.  The  dose  matrix 

created  by  STDOSE  stores  results  from  these  integrations  thereby  allowing  the  dose 

computation  module  (sixth  module)  to  execute  much  faster.  For  a  given  radionuclide  two 

dose  matrices  are  needed-one  for  the  BB  region  and  one  for  the  bb  region.  Use  of  the 

dose  matrix  generated  by  STDOSE  greatly  improves  the  speed  of  dose  computations  in 

the  bronchial  and  bronchiolar  target  layers  of  the  respiratory  tract  model  and  essentially 

makes  this  study  feasible.  Without  this  component,  computational  runs  took  roughly  300 

times  as  long  to  complete  (e.g.,  -30  versus  0. 1  hours  for  «=1000  trials)  for  a  specified 

scenario  on  a  (486DX)  66MHz  personal  computer.  The  source  code  for  this  module  is 

written  as  a  FORTRAN  subroutine.  The  executable  module  runs  in  the  MS-DOS® 

environment  and  has  been  compiled/linked  using  Lahey  FORTRAN. 

The  sixth  module  has  been  developed  to  compute  equivalent  doses  in  target 

regions  of  the  respiratory  tract.  The  model  also  computes  the  combined  lung  dose  (i.e., 

weighted  sum  of  the  regional  doses).  This  module  couples  results  from  clearance  model 

computations  with  target  and  source  geometries.  Using  data  generated  by  the  LHS 

module  for  target  and  source  dimensions,  masses,...,  etc.  (based  on  assigned  input 
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distributions),  this  module  solves  the  dose  model  (w  times)  for  n  values  for  dose  quantities. 
Dose  matrices  generated  by  STDOSE  are  used  to  compute  doses  to  BB  and  bb  regions. 
Doses  to  the  AI  region  and  to  the  lymph  node  regions  are  predicted  as  described  in  ICRP 
Pub.  66  (ICRP,  1994).  The  executable  module  runs  in  the  MS-DOS®  environment  and 
has  been  compiled/linked  using  Lahey  FORTRAN. 

The  final  module  (seventh  module)  presents  the  numerical  results  from  the 
deposition,  clearance,  and  dose  modules  as  histograms.  In  addition  to  histograms  the 
module  presents  minimum,  maximum,  median,  mean,  standard  deviation,  geometric  mean, 
geometric  standard  deviation,  and  various  fractile  values  for  predicted  quantities. 
Predicted  quantities  include  the  following:  (1)  deposition  fractions  in  ET,,  ET2,  BB,  bb, 
AI,  total  thoracic,  and  total  respiratory  tract;  (2)  total  radionuclide  transformations  (or 
transformation  rates)  at  time  /  since  exposure  for  all  source  components  in  the  respiratory 
tract;  (3)  equivalent  doses  to  ET,  (basal  cell  layer),  ET2  (basal  cell  layer),  LNet  (total 
mass),  BB  (basal  cell  layer),  BB  (secretory  cell  layer),  bb  (secretory  cell  layer),  AI  (total 
mass),  LNth  (total  mass),  and  the  combined  thoracic  region  dose  (weighted  sum  of 
regional  doses).  This  module  was  written  in  Visual  Basic™  and  runs  in  the  Microsoft® 
Windows™  environment. 

Modules  (1),  (2),  (3),  (4),  (6),  and  (7)  can  all  be  run  from  a  single  computational 
platform  in  Microsoft®  Windows™.  Modules  (2),  (3),  (4),  and  (6)  are  run  by  a  shelling 
command  which  temporarily  transfers  control  from  the  Windows™  environment  to  the 
MS-DOS®  environment.  For  sample  size  of  n  =  1000,  this  platform  runs  in  less  than  five 
minutes  on  a  66  MHz  personal  computer  system.  Module  (5)  must  be  run  in  the  DOS 
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environment  and  reads  from  input  files  storing  appropriate  stopping  power,  range,  and 
energy  data. 

Modules  (3),  (4),  (6),  and  (7)  have  been  verified  by  direct  comparison  with  results 
from  a  program  developed,  independently,  by  the  National  Radiological  Protection  Board 
(Jarvis  et  al.,  1993).  That  program  is  called  LUDEP  (for  Lung  Dose  Evaluation 
Program).  The  program  LUDEP  solves  the  ICRP  lung  model  for  a  deterministic  scenario 
(i.e.,  all  input  parameters  set  to  single  values).  Using  the  same  input  parameter  values, 
lung  deposition  and  clearance  model  predictions  (modules  [3]  and  [4])  for  the  two 
programs  agreed  well  (relative  differences  were  less  than  0. 1%).  Differences  between 
dose  model  predictions  (module  [6])  for  plutonium  were  generally  less  than  5%. 

3.7.  Summary 
This  chapter  has  presented  discussions  of  the  techniques  adopted  for  this  work  to 
perform  parameter  uncertainty  analyses  of  the  respiratory  tract  model  discussed  in  Chapter 
2.  The  approach  has  been  to  use  numerical  techniques  to  propagate  parameter 
uncertainties  through  the  model.  A  computer  program,  LUDUC,  has  been  developed  to 
perform  analyses.  Details  for  various  model  parameters  are  presented  in  Chapter  4. 
Chapter  5  gives  results  for  a  specific  application  of  LUDUC  to  inhaled  ^uO,  aerosols. 


CHAPTER  4 
UNCERTAINTIES  IN  RESPIRATORY  TRACT  MODEL  PARAMETERS 


Previous  chapters  present  the  respiratory  tract  model  selected  for  this  work  and 
the  techniques  involved  in  performing  a  parameter  uncertainty  analysis  of  the  model.  The 
purpose  of  this  chapter  is  to  present  results  from  Phase  II  of  this  study.  In  this  phase 
literature  on  model  parameters  (i.e.,  both  direct  and  indirect  input  parameters)  was 
compiled  and  examined,  and  probability  density  functions  and  restrictive  relationships 
were  assigned  to  parameters.  Assignment  of  appropriate  distributions  and  relationships  to 
parameters  was  necessarily  tedious  due  to  the  large  number  of  parameters  required  by  the 
model.  As  discussed  in  Chapter  3,  many  of  these  distributions  are  subjective  since  direct 
measurements  have  not  been  made  for  all  parameters.  The  discussion  focuses  primarily  on 
model  input  parameters;  however,  uncertainties  in  some  embedded  model  parameters  are 
also  addressed.  In  total  sixty-nine  model  parameters  (including  direct  and  indirect  input 
parameters  and  embedded  parameters)  were  assigned  distributions.  Recommendations 
were  based  on  a  direct  review  of  over  one  hundred  references.  Many  of  these  references 
are  compilation  studies  which  are,  in  turn,  based  on  numerous  other  references. 

Information  was  not  generally  adequate  to  quantify  directly  the  correlations 
between  all  parameters.  However,  many  correlations  were  accommodated  by  an  indirect 
approach.  For  example,  many  of  the  deposition  model  input  parameters  are  correlated 
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with  body  height  and/or  mass.  By  accounting  for  the  mutual  correlation  of  these 
parameters  with  height  and/or  mass,  correlations  between  many  of  the  deposition 
parameters  are  implicitly  addressed. 

This  chapter  is  divided  into  three  primary  sections.  Section  4. 1  presents  methods 
used  in  this  study  to  model  uncertainties  and  correlations  in  deposition  model  parameters; 
section  4.2  examines  uncertainties  in  parameters  involved  in  the  clearance/retention 
component  of  the  model;  and  section  4.3  examines  the  dosimetry  (energy  absorption  and 
geometry)  parameters  of  the  model.  The  section  on  deposition  parameters  is  quite 
detailed  compared  to  other  sections;  one  reason  is  that  several  age-  and  gender-related 
differences  in  lung  dosimetry  exist  in  this  component  of  the  model.  Also  many  of  the 
quantities  required  to  model  particle  deposition  have  been  studied  in  more  detail  than 
those  required  by  other  model  components.  Consequently,  correlations  are  better 
quantified  for  the  deposition  aspect;  whereas  for  the  other  components  (clearance  and 
dose  models),  parameters  are  generally  assumed  to  be  statistically  independent-lacking 
more  definitive  information. 

The  relationships  and  distributions  presented  in  this  chapter  are  based,  whenever 
possible,  on  studies  performed  with  healthy  persons.  The  approach  was  to  use  body 
height  (per  gender  and  age  population  subgroups)  for  the  United  States  population  at 
large  as  the  starting  point  for  the  study.  The  possibility  exists  that  these  and  other  data 
(and  relationships)  discussed  in  this  chapter  might  not  be  representative  of  populations 
residing  at  specific  geographic  locations.  Consequently,  use  of  the  methods  discussed  in 
this  chapter  could  introduce  a  bias  for  site-specific  estimates.  Nevertheless,  the 
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"population-at-large"  distributions  in  height  and  mass  (and  associated  quantities)  were  a 
practical  point  of  departure  in  the  investigation  of  uncertainties  and  variability  in  lung  dose 
coefficients.  One  advantage  of  using  "at-large"  population  data  is  that  the  results  of  this 
work  are  more  broadly  applicable.  In  the  computer  program  developed  to  implement  the 
methodology,  LUDUC,  the  user  is  able  to  modify  all  suggested  parameter  distributions- 
should  better  information  become  available. 

4. 1  Deposition  Model  Parameters 
The  primary  input  parameters  for  the  particle  deposition  model  have  been  listed 
previously  in  Table  2-3.  Other  quantities,  which  are  important  in  order  to  derive  these 
parameters  and  to  account  for  correlations  between  them,  have  been  listed  in  Table  2-4. 
The  purpose  of  this  section  is  to  present  available  information  on  deposition  model 
parameters  and  to  suggest  distributions  for  them.  Correlations  between  parameters  are 
addressed  when  sufficient  information  exists. 

4.1.1.  Body  Height 

Body  height,  Ht,  is  a  variable  that  correlates  well  with  a  number  of  the  deposition 
parameters  listed  in  Table  2-3.  Age-  and  gender-specific  distributions  in  body  height  have 
been  inferred  from  studies  conducted  by  the  National  Center  for  Health  Statistics  (NCHS, 
a  branch  of  the  U.S.  Department  of  Health  and  Human  Services).  The  most  recent  study 
is  the  second  National  Health  and  Nutrition  Examination  Study  (NHANES  II)  conducted 
from  1976  to  1980.  Body  height,  body  mass,  and  body  mass  index  data  collected  during 
this  study  for  the  United  States  population  were  recently  analyzed  by  Najjar  and  Rowland 
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(1987).  Results  from  that  study  include  descriptive  statistics  per  yearly  age  increment  for 

ages  2-19  years  and  per  ten  year  age  groupings  (e.g.,  25-34  years)  for  adults.  Selected 

estimates  of  the  arithmetic  means  and  standard  deviations  in  height  are  listed  in  Table  4-1. 


Table  4-1.  Selected  Height  Data  from  the  Second  National  Health  and  Nutrition 

Examination  Study  (NHANES  II)  Conducted  from  1976-1980. 

Age         Gender*         Arithmetic  Mean         Standard  Deviation  Number 

(years) (cm) (cm,  %  of  mean) Examined 


2 

M 

91.2 

4.3, 4.7% 

375 

F 

89.7 

4.2, 4.7% 

336 

5 

M 

112.6 

5.4, 4.8% 

397 

F 

111.6 

5.3, 4.8% 

364 

10 

M 

141.6 

7.3, 5.2% 

157 

F 

141.9 

6.5, 4.6% 

136 

15 

M 

170.8 

6.7,  3.9% 

184 

F 

177.0 

7.1,4.0% 

145 

18-24 

M 

177.0 

7.1,4.0% 

988 

F 

163.4 

6.6, 4.0% 

1066 

25-34 

M 

176.7 

6.7,  3.8% 

1067 

F 

163.1 

6.3,  3.9% 

1170 

35-44 

M 

176.3 

7.3,4.1% 

745 

F 

162.8 

6.3,  3.9% 

844 

45-54 

M 

175.2 

6.6,  3.8% 

690 

F 

161.3 

6.4, 4.0% 

763 

55-64 

M 

173.7 

6.9,  4.0% 

1227 

F 

160.1 

6.4, 4.0% 

1329 

65-74 

M 

171.3 

7.1,4.1% 

1199 

F 

158.1 

6.2,  3.9% 

1416 

Source:  From 

iNajj* 

ir  and  Rowland,  1987. 

a  M  =  males;  F  =  females. 
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Expressed  as  a  percent  of  the  mean,  the  standard  deviations  indicate  that  the 
variability  in  body  height  is  relatively  constant  over  all  ages.  For  children,  the  standard 
deviation  is  roughly  5%  of  the  mean.  For  ages  greater  than  or  equal  to  about  15  years  the 
standard  deviation  is  roughly  4%  of  the  mean  and  changes  little  with  increasing  age. 
Figure  4-1  plots  the  relationship  between  body  height  and  age  for  males  and  females;  the 
data  points  are  based  on  results  from  NHANES II  and  earlier  studies  conducted  by  the 
NCHS  (namely,  Cycles  I,  II,  and  III  of  the  Health  Examination  Survey,  HES  and  the  first 
National  Health  and  Nutrition  Survey,  NHANES  I).  A  small  increase  in  the  average 
height  of  the  adult  population  can  be  discerned  when  comparing  recent  to  earlier  studies 
over  two  decades. 

The  data  presented  in  Table  4-1  and  Figure  4-1  are  for  the  U.S.  population  as  a 
whole  and  include  all  races  examined  in  the  NHANES  II  survey.    No  information  was 
given  in  that  study  comparing  regional  population  groups  to  the  at-large  population  data. 
The  NHANES  II  study  did  compare  blacks  and  whites  for  all  adult  age  brackets; 
generally,  negligible  differences  existed  between  estimated  mean  values  and  only  minor 
differences  between  estimated  standard  deviations. 

In  the  present  study,  body  height  (for  a  given  age/gender  group)  was  assigned  a 
normal  distribution  with  mean  and  standard  deviation  estimated  from  values  in  Table  4-1. 
To  help  justify  this  approach,  observed  (distribution-free)  fractiles  in  height  from  Najjar 
and  Rowland  (1987)  were  compared  to  ones  predicted  by  the  assigned  normal  distribution 
in  height  for  a  given  population  class.  The  predicted  fractiles  in  height  were  estimated 
from  an  approximate  inverse  function  (Abramowitz  and  Stegun,  1964)  for  the  normal 


115 


i 


I) 


t 


4\- 


11- 


■  HES(  1960-62),  male 

A  HES(1963-65  and  1966-70),  male 

♦  NHANES  I  (1971-74),  male 

•  NHANES  II  (1976-80),  male 
□  HES  (1960-62),  female 

A  HES(  1963-65  and  1966-70),  female 

O  NHANES  I  (1971-74),  female 

O  NHANES  II  (1976-80),  female 


1 


30  40 

Age  (years) 


50 


60 


70 


Figure  4-1 .  Average  body  height  as  a  function  of  age  for  males  and  females.  Error  bars 
indicate  one  standard  deviation  from  the  mean  value.  Heavier  bars  are  for  males. 
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cumulative  distribution.  For  example,  the  observed  0.25  fractile  (i.e.,  25th  percentile)  in 
height  for  10  year  old  males  is  137.0  cm  (Najjar  and  Rowland,  1987).  Assuming  a  normal 
distribution  with  mean  of  141.6  cm  and  standard  deviation  of  7.3  cm  (as  listed  in  Table  4- 
1),  the  predicted  0.25  fractile  is  136.7  cm.    Therefore,  the  ratio  of  the  predicted-to- 
observed  0.25  fractile  is  (136.7)/(137.0)  =  0.998.  Ratios  of  predicted  to  observed  fractiles 
for  selected  population  classes  are  plotted  in  Figure  4-2.  The  fact  that  all  ratios  are  close 
to  unity  supports  the  inference  that  height  is  normally  distributed.  The  plot  shows  that 
there  is  less  than  a  one-percent  difference  between  observed  fractiles  and  those  predicted 
with  a  normal  distribution.  In  addition  to  computing  the  ratios  described,  Kolmogorov- 
Smirnov  goodness-of-fit  tests  (e.g.,  see  Sachs,  1984,  pp.  330-332)  were  performed  using 
predicted  and  observed  fractiles.  Normal  distributions  in  height  were  not  rejected  by  these 
tests  for  the  population  groups  listed  in  Table  4-1  at  a  high  level  of  significance  (a  =  0. 1). 

4. 1 .2.  Body  Mass  Index 

While  a  number  of  the  quantities  listed  in  Table  2-3  correlate  well  with  body 
height,  others  are  found  to  correlate  better  with  body  mass  (or  weight).  Therefore, 
distributions  in  body  mass  were  also  needed  for  each  population  class.  However,  body 
mass  is  known  to  be  correlated  with  body  height.  For  example,  Smalley  et  al.  (1990) 
recently  examined  height  and  mass  in  363  adult  subjects  and  reported  a  correlation 
coefficient  of  0.46.  In  using  Monte  Carlo  sampling  techniques,  the  desire  is  to  work  with 
statistically  independent  variables  whenever  possible.  To  account  for  correlations  between 
height  and  mass,  the  body  mass  index  (BMI)  was  utilized  in  the  present  study. 
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Figure  4-2.  Ratio  of  predicted  (assuming  normal  distribution)  to  observed  fractiles  in 
body  height  for  males  (M)  at  selected  age  groups.  Although  not  shown,  females  showed 
similar  values  and  trends. 


118 
The  BMI  is  defined  as  the  quotient  of  body  mass  and  height  squared  (i.e.,  units: 
kg/m2).  For  a  given  height  and  BMI,  the  body  mass,  denoted  by  Wt,  is  then  estimated  as 
the  product  of  BMI  and  height  squared; 

Wt  =  BMI*Ht2.  (4-1) 

Arithmetic  averages  and  standard  deviations  for  BMI,  as  determined  by  Najjar  and 
Rowland  (1987)  from  NHANES  II,  are  listed  in  Table  4-2  for  selected  age  and  gender 
classes.  The  geometric  means  and  standard  deviations  were  derived  from  their  arithmetic 
counterparts  (using  Equation  3-8).  Figure  4-3  shows  the  relationship  between  the  average 
BMI  and  age  for  males  and  females.  Error  bars  indicate  one  (arithmetic)  standard 
deviation.  Generally,  the  variability  in  BMI  for  females  is  greater  than  for  males. 

Height  and  BMI  were  assumed  to  be  statistically  independent  within  a  given 
population  class.  Over  broad  age  ranges  in  which  growth  is  occurring  at  a  fast  rate,  this 
assumption  does  not  hold  since  both  BMI  and  height  increase  with  age-compare  Figures 
4-1  and  4-3.  However,  within  small  age  intervals  (i.e.,  yearly  increments  up  to  18  years 
age;  and  intervals  as  delineated  in  Table  4-2  for  ages  greater  than  18  years),  limited 
information  exists  which  supports  independence.  A  necessary  (albeit  insufficient) 
condition  for  two  quantities  to  be  statistically  independent  is  that  their  correlation 
coefficient  equal  zero.  Two  studies  were  located  which  examined  correlations  between 
BMI  and  height.  Smalley  et  al.  (1990)  computed  a  correlation  coefficient  of  0.02  for 
BMI  and  height  based  on  data  from  363  adult  males  and  females.  Based  on  data  from  the 
first  National  Health  and  Nutrition  Examination  Survey  (NHANES  I),  Gam  et  al.  (1986) 
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computed  sample  correlation  coefficients  for  a  number  of  gender-specific  age  groups; 
these  are  listed  in  Table  4-3. 

Table  4-2.  Body  mass  index  data  from  NHANES  II  (1976-1980). 


Age  (years)    Gender     Arithmetic  Mean,  kg/m2      Geometric  Mean,  kg/m2    Number 
(Std.  Deviation,  kg/m2 )      (Geometric  Std.  Dev.)'      Examined 


2 

M 
F 

16.3  (1.3) 
16.1  (1.3) 

16.3(1.08) 
16.1  (1.08) 

375 
336 

5 

M 
F 

15.6  (1.5) 
15.6  (1.8) 

15.5  (1.09) 
15.5(1.12) 

397 
364 

10 

M 
F 

18.0  (2.9) 
17.8  (3.2) 

17.8(1.17) 
17.5(1.20) 

157 
136 

15 

M 
F 

20.8  (3.1) 
20.6  (3.0) 

20.6(1.16) 
20.4(1.16) 

184 

145 

18-24 

M 

F 

23.5  (3.6) 

22.6  (4.2) 

23.2(1.17) 
22.2(1.20) 

988 
1066 

25-34 

M 
F 

25.2  (4.0) 
24.1  (5.5) 

24.9(1.17) 
23.5(1.25) 

1067 
1170 

35-44 

M 
F 

26.0  (3.9) 

25.3  (5.8) 

25.7(1.16) 
24.7(1.25) 

745     ■ 
844 

45-54 

M 
F 

26.3  (4.1) 
26.1  (5.8) 

26.0(1.17) 
25.5  (1.25) 

690 
763 

55-64 

M 
F 

26.1  (3.8) 
26.5  (5.6) 

25.8(1.16) 
25.9(1.23) 

1227 
1329 

65-74 

M 
F 

25.5  (3.9) 
26.7  (5.4) 

25.2(1.16) 

26.2(1.22) 

1199 
1416 

Source: 

All  data  exce 

;pt  those  in  fourth  column 

are  from  Najjar  and  Rowl 

and  (1987). 

Geometric  data  in  column  four  were  derived  here  based  on  an  assumed  lognormal 
distribution  for  BMI  using  Eq.  3-8  with  reported  sample  means  and  standard  deviations. 


Table  4-3.  Correlations  Between  Height  and  BMI. 


Age  Group                  Males"  Females 

(years) n R n  R 


5-10               1112          0.32  1165  0  27 

11-15               897           0.24  895  0.17 

16-19               596           0.04  614  -0.08 

20-35              1706         -0.02  3766  -0.08 

36-50              1485          -0.05  2513  -0.08 

Source:  Garn  et  al.  (1986). 

'R  =  sample  correlation  coefficient;  n  =  number  of  subjects. 
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Figure  4-3.  Average  body  mass  index  as  a  function  of  age  for  males  and  females.  Error 
bars  indicate  one  standard  deviation  from  the  mean  value.  Heavier  bars  are  for  males. 
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Correlation  coefficients  in  Table  4-3  for  age  groups  older  than  16  years  are 

approximately  zero  supporting  (although  not  proving)  statistical  independence  of  BMI  and 

Ht  for  older  population  groups.  However,  for  the  younger  age  groups  the  correlation  is 

relatively  high.  This  result  is  likely  attributable  to  the  broad  age  groupings  (~  5  year 

intervals)  used  in  computing  correlation  coefficients  for  children-growth  occurs  at  a  high 

rate  within  these  groupings.  Although  speculative,  an  assumption  in  this  study  was  that 

correlations  (between  BMI  and  height)  for  yearly  age  intervals  for  children  less  than  16 

years  old  are  negligible.  This  assumption  allows  independent  selection  of  BMI  and  height 

from  their  respective  distributions  while  setting  up  the  input  vectors  for  trials. 

Two  distribution  shapes,  normal  and  lognormal,  were  investigated  for  describing 

variabilities  in  BMI.  A  better  fit  was  found  with  a  lognormal  distribution  shape;  so  in  the 

present  study  the  assumption  was  that  body  mass  index,  BMI,  (for  a  given  age/gender 

group)  is  lognormally  distributed  with  geometric  averages  and  standard  deviations  as 

listed  in  Table  4-2.  To  help  justify  this  assumption,  Figure  4-4  plots  the  ratio  of  the 

predicted  to  observed  fractiles  for  BMI.  Observed  (distribution-free)  fractiles  are  from  the 

study  by  Najjar  and  Rowland  (1987).  The  predicted  fractiles  for  BMI  were  estimated 

from  an  approximate  inverse  function  (Abramowitz  and  Stegun,  1964)  for  the  lognormal 

cumulative  distribution.  As  indicated  in  Figure  4-4,  the  predicted  fractiles  are  slightly  less 

than  the  observed  fractiles  below  the  50%  fractile  and  generally  higher  than  observed 

fractiles  above  the  50%  fractile.  This  result  indicates  that,  for  all  groups  examined,  a 

lognormal  distribution  tends  to  over-estimate  slightly  the  variability  in  BMI;  however  since 

the  predicted  fractiles  are  generally  within  2-5%  of  the  observed  values,  this  discrepancy  is 


122 


not  expected  to  be  significant.  In  fact,  this  figure  indicates  that  a  lognormal  distribution 
provides  a  slightly  conservative  model  of  the  variability.  In  addition  to  this  graphical  test 
for  distribution  fit,  quantitative  Kolmogorov-Smirnov  goodness-of-fit  tests  were 
performed  using  the  observed  fractiles  for  these  population  classes.    The  result  was  that 
lognormal  distributions  in  BMI  with  parameters  from  Table  4-2  were  not  rejected  at  high 
levels  of  significance  (a  =0.1). 
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Figure  4-4.  Ratio  of  predicted  (assuming  lognormal  distribution)  to  observed  fractiles  in 
BMI  for  males  (M)  in  selected  age  groups.  Although  not  shown,  values  for  females 
demonstrated  a  similar  trend. 
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4.1.3.  Airway  Diameters  and  Lengths 

Airway  diameters  are  used  to  compute  scaling  factors  in  the  ICRP  respiratory  tract 
deposition  model.  Three  scaling  factors  are  needed  to  adjust  regional  deposition 
efficiencies,  which  are  based  on  reference-man  airway  dimensions,  to  the  dimensions  of 
sampled  individuals  from  the  population  group  of  interest.  The  scaling  factors,  denoted  by 
SFt  (for  ET,,  ET2,  and  BB  regions),  SFb  (for  the  bb  region),  and  SFA  (for  the  AI  region), 
are  defined  as  the  ratios  of  the  appropriate  airway  diameters  in  reference  man  to  diameters 
in  the  sampled  individual.  The  diameters  of  airway  generations  0,  9,  and  16  are 
recommended  by  the  ICRP  (1994)  for  computing  SF„  SFb,  and  SFA,  respectively.  For  the 
ICRP  reference  adult  male,  the  following  values  have  been  recommended  (ICRP  1994): 
dojrf  =  1.65  cm,  dgrrf  =  0.165  cm,  and  d16ref  =0.051  cm,  where  diref  denotes  the  diameter  of 
the  airway  generation  /  in  reference  man  and  the  trachea  is  generation  zero.  Therefore, 
with  consistent  units  for  diameters  (cm): 

SF,=  if;SFb.^-.SFA=M£L.  (4-2) 

d0  d9  dl« 

where  d;  is  the  average  diameter  for  airway  generation  i  in  the  sampled  individual  (or  trial). 

Airway  diameters  and  lengths  are  also  needed  to  estimate  the  surface  area  and 
volume  of  the  various  deposition  regions.  The  airway  surface  area  is  an  important 
quantity  for  the  dosimetry  component  of  the  model.  The  volumes  of  the  deposition 
regions,  VD(ET),  VD(BB),  and  VD(bb),  are  needed  to  estimate  volumetric  correction 
terms,  (J);,  in  the  deposition  model  (e.g.,  see  Tables  2-1  and  2-2). 
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A  number  of  studies  involved  determination  of  airway  lengths  and  diameters  in 
humans  (e.g.,  Engel,  1913;  Rohrer,  1925;  Weibel,  1963;  Horsfield  and  Cumming,  1968; 
Horsfield  et  al.,  1971;  Yeh  and  Schum,  1980;  and  Phalen  et  al.,  1985).  All  of  these  studies 
involved  measurements  on  the  lungs  of  deceased  subjects;  and  most  of  the  studies  only 
examined  lungs  from  one  or  two  subjects.  However,  the  study  by  Phalen  et  al.  (1985) 
included  a  larger  number  of  subjects  (n  =  20)  and  provided  analyses  which  can  indirectly 
accommodate  correlations  between  airway  dimensions  (length  and  diameter)  and  other 
respiratory  parameters  (e.g.,  anatomical  dead  space,  tidal  volume,  functional  residual 
capacity,  etc.). 

Measurements  of  airway  diameters  and  lengths  were  made  by  Phalen  et  al.  (1985) 
for  the  trachea,  the  first  eight  generations  of  the  bronchial  tree,  and  the  terminal 
bronchioles.  The  measurements  were  made  on  silicon  replicas  of  the  lungs  of  twenty 
deceased  subjects  (males  and  females)  aged  1 1  days  to  21  years  at  time  of  death.  The 
average  diameters  and  lengths  for  generations  0-8  in  subjects  were  found  to  correlate  well 
with  body  height.  Linear  regression  equations  for  diameters  and  lengths  as  functions  of 
height  were  presented  in  that  study,  and  residual  standard  errors  (of  the  regression  fit) 
were  reported  for  these  airway  generations.  Similar  expressions  for  the  diameters  and 
lengths  of  generations  9-15  were  derived  by  Phalen  et  al.  (1985)  based  on  interpolations  of 
a  more  limited  data  set  for  generations  9,  10  and  15. 

Modified  versions  of  the  equations  derived  by  Phalen  et  al.  (1985)  were  used  in  the 
current  study  to  estimate  airway  dimensions  as  a  function  of  body  height.  The  ICRP 
(1994)  adopted  airway  dimensions  reported  by  James  (1988)  for  the  reference  adult  male 
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lungs.  These  dimensions  are  repeated  in  Table  4-4  and  are  averages  of  the  values  reported 
for  the  adult  male  by  three  of  the  studies  cited  above  (Weibel  1963;  Yeh  and  Schum  1980; 
and  Phalen  et  al.  1985).  The  expressions  developed  by  Phalen  et  al.  (1985)  were  modified 
to  be  consistent  with  the  airway  dimensions  recommended  by  the  ICRP  (1994,  listed  in 
Table  4-4)  for  reference  man  (Ht  =  176  cm).  The  modified  expressions  are  based  on 
simple  multiplication  factors,  equal  to  the  ratio  of  the  diameter  (or  length)  for  reference 
man  (Table  4-4)  to  the  estimate  given  for  the  diameter  (or  length)  by  the  original 
expression  evaluated  at  Ht  =  176  cm.  These  factors  were  multiplied  into  the  original 
expressions—changing  the  slope  and  intercept  values.  The  modified  expressions  used  in 
the  current  study  to  predict  average  airway  dimensions  as  functions  of  height,  are  shown 
in  Table  4-5. 

The  expressions  for  airway  length  and  diameter  in  Table  4-5  are  plotted  in  Figures 
4-5  and  4-6,  respectively,  for  body  heights  of  100,  150,  and  200  cm.  Comparison  of  these 
dimensions  to  Table  4-1  shows  that  these  heights  cover  ages  greater  than  about  2  years. 
As  discussed  by  Phalen  et  al.  (1985),  the  expressions  in  Table  4-5  imply  that  growth 
becomes  less  influential  on  diameters  and  lengths  for  deeper-lying  airway  generations. 

An  expression  for  generation  16  (i.e.,  first  respiratory  bronchiole)  was  not  given; 
so  data  for  generation  15  (the  terminal  bronchioles)  are  used  to  compute  SFA  (where  d15  = 
0.053  cm  for  reference  adult  male).  Since  SFA  is  a  ratio  (reference  man:  subject),  the 
value  predicted  using  generation  15  is  not  expected  to  differ  significantly  from  the  value 
predicted  by  generation  16. 


126 


Table  4-4.  Dimensional  model  of  the  tracheobronchial  tree  in  reference  adult  male  as 
recommended  in  ICRP  Publication  66  (based  on  reference  body  height  of  176  cm). 


Airway 
Generation 


Number 


Diam.' 
(cm) 


Length 


SAb 
icnrl 


ISAC 
JcnfL 


Vold 
icml 


I  Vol' 
(cm3) 


0  Trachea 

1 

1.65 

9.10 

47.2 

47.2 

19.5 

19.5 

1  Main  Bronchi 

2 

1.20 

3.80 

28.7 

75.9 

8.6 

28.1 

2 

4 

0.86 

1.50 

16.2 

92.1 

3.5 

31.5 

3 

8 

0.61 

0.83 

12.7 

104.8 

1.9 

33.5 

4 

16 

0.44 

0.90 

19.9 

124.7 

2.2 

35.7 

5 

32 

0.36 

0.81 

29.3 

154.0 

2.6 

38.3 

6 

64 

0.29 

0.66 

38.5 

192.5 

2.8 

41.1 

7 

128 

0.24 

0.60 

57.9 

250.4 

3.5 

44.6 

8 

256 

0.20 

0.53 

85.3 

335.6 

4.3 

48.8 

9 

512 

0.165 

0.437 

116.0 

451.6 

4.8 

53.6 

10 

1024 

0.135 

0.362 

157.0 

608.6 

5.3 

58.9 

11 

2048 

0.109 

0.301 

211.4 

820.0 

5.8 

64.7 

12 

4096 

0.088 

0.250 

283.7 

1104 

6.3 

70.9 

13 

8192 

0.072 

0.207 

383.4 

1487 

6.9 

77.8 

14 

16384 

0.060 

0.170 

527.6 

2014 

8.0 

85.8 

15  Terminal 

32768 

0.053 

0.138 

757.2 

2772 

10.1 

95.9 

Bronchioles 

Source:  Data  in 

columns  3  and  4  are 

from  ICRP 

(1994); 

Data  in  column  2  based  on 

dichotomously  branching  airways;  Data  in  columns  4  to  7  are  based  on  cylindrical  airways. 

a  Airway  diameter 

b  S  A  =  surface  area  of  airway  generation; 

c  SSA  =  cumulative  surface  area  for  generations  less  than  or  equal  to  the  one  specified. 

d  V  =  volume  of  airway  generation. 

e  2  Vol  =  cumulative  volume  of  generations  less  than  or  equal  to  the  one  specified. 
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Table  4-5.  Expressions  relating  airway  lengths,  1,  and  diameters,  d,  to  body  height,  Ht  for 
generations  0  -  15. 


Gen.' 


0d 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15f 


Length,  1  (mm) 


R 


2b 


RSEC 


lo=0.5084*Ht+1.525  V      0.9 
l,=0.1778*Ht+6.7070        0.90 
l2=0.0710*Ht+2.4966        0.77 
l3=0.0416*Ht+0.9739        0.86 
l4=0.0388*Ht+2.1724       0.56 
l5=0.0385*Ht+1.3193       0.77 
16=0.0291*^+1.4808       0.50 
l7=0.0216*Ht+2.2056       0.44 
l8=0.0145*Ht+2.7514       0.18 
L,=0.0136*Ht+1.9685 
l10=0.0100*Ht+1.8516 
1„  =0.0078*Ht+1.6429 
l12=0.0059*Ht+1.4671 
l13=0.0043*Ht+1.3159 
l14=0.0029*Ht+1.1835 
l,<=0.0018*Ht+1.0670 


3.0 

1.7 

1.0 

1.6 

0.91 

1.1 

0.74 

0.86 


Diameter,  d  (mm)  R2 


do  =0.0902*Ht+0.6225       0.94 
d,  =0.0635*Ht+0.8160       0.94 
d2  =0.043  l*Ht+0.9195       0.85 
d3  =0.0298*Ht+0.8474       0.96 
d4=0.0187*Ht+1.1014       0.69 
d5=0.0159*Ht+0.8062       0.72 
d6=0.0131*Ht+0.5914       0.61 
d7  =0.0097*Ht+0.6889       0.61 
dg  =0.0067*Ht+0.8296       0.61 
^=0.0049*^+0.7930 
dl0  =0.0032*Ht+0.7770 
d„  =0.0017*Ht+0.7903 
d12=0.0013*Ht+0.6531 
d13  =0.0008*Ht+0.5806 
dM=0.0005*Ht+0.5180 
d,<=0.0002*Ht+0.4917 


.  (1985)  to  agree  with  ICRP 


RSE 


0.84 
0.92 
0.37 
0.57 
0.43 
0.51 
0.30 
0.17 


Source:  Equations  were  modified  from  Phalen  et  a 

dimensions  given  in  Table  4-4.  Values  for  R2  and  RSE  are  taken  from  Phalen  et  al.  (not 

modified). 

a  Gen  =  airway  generation. 

b  R2  =  correlation  coefficient  squared  (coefficient  of  determination  for  regression). 

c  RSE  =  residual  standard  error  (of  regression  equation)  reported  by  Phalen  et  al.  (1985). 

d  Trachea 

e  Ht  (body  height)  is  in  units  of  centimeters  for  all  equations. 

f  Terminal  bronchioles 


100  -, 


%  io- 

c 
<u 


0.5 


Ht  =  100  cm 

Ht=150cm 

Ht  =  200  cm 

Residual  Standard 
Error 
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Figure  4-5.  Average  airway  length  versus  airway  generation  at  three  body  heights  (top 
three  curves)  and  residual  standard  errors  (RSE)  of  the  linear  regression  equations  used  to 
predict  lengths  (see  Table  4-5).  Lengths  are  correlated  with  body  height  (which  depends 
on  age  and  gender). 


100  -q 


r  io- 


E 


< 


0.1 


-■-  Ht=  100  cm 
-•-  Ht=  150  cm 
-A-   Ht  =  200cm 

Residual  Standard 


i 1 1 1 1 1 1 1 1 r 

0      1      2      3      4      5      6      7      8      9     10    11     12    13     14    15 

Airway  Generation 


Figure  4-6.  Average  airway  diameter  versus  airway  generation  at  three  body  heights  (top 
three  curves)  and  residual  standard  errors  (RSE)  of  the  linear  regression  equations  used  to 
predict  diameters  (from  Table  4-5).  Diameters  are  correlated  with  body  height  (which 
depends  on  age  and  gender). 
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The  residual  standard  errors  (RSE)  listed  in  Table  4-5  provide  some  information 
regarding  the  magnitude  of  uncertainty  in  the  regression  expressions  (i.e.,  the  variability 
unexplained  by  the  correlation  of  airway  dimensions  with  height).  Unfortunately,  the 
paper  by  Phalen  et  al.  (1985)  did  not  report  the  residual  standard  errors  for  equations 
describing  generations  0  and  9-15.  That  no  RSE  value  was  given  for  trachea  diameter  is 
unclear  since  18  tracheal  measurements  were  made;  however,  the  value  of  the  coefficient 
of  determination  for  the  linear  regression  for  tracheal  diameter  with  height  (R2  =  0.94) 
implies  that  the  RSE  is  likely  to  be  small.  Nevertheless,  estimates  of  RSE  values  not 
determined  were  determined  by  extrapolation  from  values  computed  for  generations  1-8. 
The  bottom-most  curves  in  Figures  4-5  and  4-6  are  plots  of  the  standard  residual  errors 
(RSE)  vs.  airway  generations  reported  by  Phalen  et  al.  (1985). 

Regression  errors  for  diameters  of  generations  0,  9,  and  15  were  needed  to 
quantify  uncertainties  in  the  scaling  factors~SF„  SFb,  SFa.  Based  on  the  RSE  values 
plotted  in  Figure  4-6,  conservative  estimates  for  the  residual  error  terms  appear  to  be  2 
mm,  0.3  mm,  and  0.1  mm  for  diameters  of  generations  0,  9,  and  15,  respectively.  The 
value  for  generation  15  was  determined  by  visually  fitting  an  exponential  curve  (i.e.,  a 
straight  line  on  a  semi-log  plot)  through  available  RSE  (vs.  generation)  data.  Although 
inconclusive  for  airway  generations  for  which  the  RSE  is  unavailable,  a  trend  in  the 
residual  errors  appears  to  exists.  The  residual  standard  errors  appear  to  be  roughly  10- 
20%  of  the  predicted  average  airway  diameters. 
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To  predict  airway  diameters  for  generations  0,  9,  and  1 5  (needed  to  compute  the 

deposition  scaling  factors:  SF„  SFb,  SFJ  and  to  account  for  uncertainties/variabilities,  the 

following  expressions  were  employed  in  this  study: 

■ 

do  =  (cW«Xl  +  EJ;  d,  =  (d^aXl  +  E^);  d15  =  (d15ire&Ht)(l  +  Edl5).  (4-3) 

In  this  expression,  direg3  is  the  diameter  predicted  for  generation  /  using  the  appropriate 
regression  expression  in  Table  4-5  and  depends  on  the  sampled  value  for  body  height,  Hi. 
The  term  E^  is  a  random  error  term  used  to  introduce  uncertainty  into  the  regression 
prediction  for  generation  /.  Lacking  more  complete  information,  the  random  error  terms 
were  assumed  to  be  normally  distributed  with  mean  values  of  zero  and  standard  deviations 
given  as  0. 10,  0. 10,  and  0.20  for  generations  0,  9,  15,  respectively.  These  values  of 
standard  deviation  introduce  errors  of  10%,  10%,  and  20%  to  the  regression  model 
predictions  for  diameters  of  generations  0,  9,  and  15,  respectively.  The  error  term  is 
increased  for  generation  15  since  it  is  based  on  extrapolation  of  the  RSE  data  (e.g.,  plotted 
as  lower  curve  in  Figure  4-6)  far  from  reported  values. 

As  an  example  of  how  Equation  4-3  was  used  in  the  current  study,  assume  that  a 
Latin  hypercube  sample  of  size  n  is  generated  for  all  random  variables  in  the  model.  For  a 
single  trial  (i.e.,  input  vector,  or  /w-tuple),  values  are  specified  for  body  height,  Ht,  and  for 
the  random  error  terms  E^,  Ed9,  and  Edl5.  For  this  trial,  the  sampled  value  of  body  height 
is  used  along  with  the  sampled  values  of  E^  to  determine  values  of  d(.  These  diameters  are 
then  used  to  solve  the  model  for  that  specific  trial  (and  so  forth  with  other  trials).  The 
standard  deviations  of  the  random  error  terms,  E^,  can  be  updated  should  better 
information  becomes  available. 
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4.1.4.  Anatomical  Dead  Space 

The  anatomical  dead  space,  VD,  is  the  total  internal  volume  of  the  conducting 
airways  (i.e.,  the  mouth,  nasal  vestibules  and  sinuses,  pharynx,  larynx,  trachea,  bronchi  and 
non-respiratory  bronchioles).  This  volume  is  termed  dead  space  because  air  in  it  does  not 
participate  significantly  in  gas  exchange  processes  with  the  blood.  From  the  perspective 
of  particle  deposition,  VD  is  useful  in  estimating  the  fractional  volume  of  inhaled  aerosols 
which  reach  given  lung  regions  (i.e.,  factors  <j>j  in  Tables  2-2  and  2-3);  therefore,  the  dead 
space  influences  how  much  material  is  deposited  in  various  lung  regions. 

Anatomical  dead  space  is  a  measurable  quantity  which  a  number  of  studies  have 
investigated  (e.g.,  see  Altman  and  Dittmer,  1971,  pp.  64-69,  for  a  compilation).  Two 
studies  are  especially  useful  for  the  present  study  due  to  the  number  of  subjects  and  range 
of  ages  examined  and  to  the  regressions  of  dead  space  on  height.  Hart  et  al.  (1963) 
measured  dead  space  in  73  normal  persons  (42  males,  3 1  females)  with  ages  ranging  from 
4  to  42  years.  Wood  et  al.  (1971)  measured  dead  space  in  46  healthy  persons  (19  adults, 
27  children). 

Unfortunately  data  from  Hart  et  al.  and  Wood  et  al.  were  available  only  in  a 
graphical  format.  Plots  of  the  data  were  scanned  into  a  computer  and  coordinates  ( Ht, 
VD)  were  reconstructed  with  an  appropriate  computer  software  package.  The 
reconstructed  data  from  the  two  studies  were  combined  and  reanalyzed  using  an 
exponential  regression  model  to  predict  the  resting-level  dead  space  as  a  function  of  body 
height.  Based  on  the  method  of  least  squares  the  following  expression  was  obtained: 
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VD(ml)  =  8.72-e(U2x,0"ffl)  .  (4-4) 


-2, 


This  expression  has  a  coefficient  of  determination  of  R2  =  0.84.  In  other  words,  about 
84%  of  the  variance  in  VD  is  explained  by  the  regression  on  body  height. 

The  remaining  variance  in  dead  space  (unexplained  by  Equation  4-4)  can  be 
accommodated  by  introducing  a  random  error  term,  denoted  here  as  E^ ,  into  the  model 
as  follows: 


VD  =  8.72-e(U2]t10   "O-E^  (4-5) 

The  random  error  term  accounts  for  statistical  fluctuations  due  both  to  experimental 
uncertainties  and  to  biological  variability  at  a  given  height.  In  this  study  the  random  error 
term,  E^,  was  assigned  a  lognormal  distribution  [i.e.,  lnOEyo)  was  assumed  to  be  normally 
distributed]  with  a  geometric  mean  value  of  one  and  geometric  standard  deviation  (GSD) 
estimated  as 


GSD  (E..J  =  exp 


N 


£  £    P*0W  -  W^]1] 


exp  (0.160)  =  1.17      (4-6) 


where  VD  obM  refers  to  the  r*  observed  value  (from  the  combined  data  set)  for  dead  space 
and  VD,pred,Hti  refers  to  the  value  of  VD  predicted  for  observed  height  Ht;  using  Eq.  4-4. 

To  provide  some  justification  that  E^  follows  a  lognormal  distribution,  Figure  4-7 
compares  the  cumulative  distribution  for  the  observed  residual  logarithms  of  dead  space 
[i.e.,  ln(VDobs4)  -  ln(VDjPrediHti),  based  on  observed  values  and  predictions  from  Eq.  4-4]  to 
the  cumulative  distribution  predicted  by  assuming  a  normal  distribution  for  IniE^)  with 
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mean  value  zero  and  standard  deviation  equal  to  0. 16  [i.e.  ln(GSD)].  The  two  curves 
generally  agree,  providing  some  degree  of  justification  for  assigning  EWD  a  lognormal 
distribution  with  parameters  discussed  above. 

The  data  reconstructed  from  the  two  studies  cited  above  are  plotted  along  with 
Equation  4-4  in  Figure  4-8.  Dotted  lines  represent  the  95%  confidence  bounds  of  the 
regression  prediction,  based  on  the  assumed  lognormal  distribution  for  Eye,.  All  but  about 
5  (out  of  a  total  of  1 19,  or  -4%)  of  the  data  points  lie  within  the  95%  confidence  bounds; 
so  the  model  is  acceptable.  In  order  to  generate  values  of  VD  for  this  study,  Ht  and  E^ 
must  be  sampled  from  their  respective  distributions  and  substituted  into  Equation  4-5. 
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Figure  4-7.  Comparison  of  the  cumulative  probability  for  the  observed  residuals  of  ln(VD) 
and  the  cumulative  probability  for  E^  (assuming  E^  is  lognormally  distributed  with 
geometric  mean  of  1 .0  and  GSD  of  1 . 1 7). 
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Figure  4-8.  Anatomical  dead  space  as  a  function  of  body  height.  Data  are  based  on  plots 
from  Hart  et  al.  (1963)  and  Wood  et  al.  (1971).  Exponential  regression  curve  has  been  fit 
to  data  based  on  least  squares  method.  Dotted  lines  represent  95%  confidence  bounds 
predicted  by  assuming  the  log  residuals  of  Vd  are  normally  distributed  with  mean  of  zero 
and  standard  deviation  of  0. 16  (discussed  in  text).  All  but  about  5  of  the  data  points  fall 
within  these  bounds. 
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4.1.5.  Regional  Volumes  of  the  Respiratory  Tract 

Little  experimental  information  exists  for  dividing  the  total  anatomical  dead  space 
into  the  regional  volumes  required  by  the  deposition  model  (Tables  2-1  and  2-2),  VD(ET), 
VD(BB),  and  VD(bb).  All  studies  located  relied  on  assumed  values  for  the  volume  of 
extrathoracic  airways,  VD(ET).  Landahl  (1950)  suggested  a  value  of  40  ml  for  the  volume 
of  the  mouth  and  pharynx  for  a  reference  adult;  Yeh  and  Shum  (1980)  assumed  a  volume 
of  50  ml  for  the  nasopharyngeal  region;  and  Schum  et  al.  (1991)  assumed  a  cumulative 
volume  of  50  ml  for  the  adult  mouth,  oropharynx,  and  larynx.  Only  Schum  et  al.  (1991) 
have  addressed  the  volume  of  the  extrathoracic  airways  with  respect  to  ages  below  18 
years.  In  their  work  VD(ET)  was  assumed  to  scale  in  linear  proportion  to  the  ratio  of  the 
tracheal  cross-sectional  area.  Lacking  better  information,  this  approach  was  adopted  in 
the  present  work.  Based  on  an  adult  reference  value  of  VD(ET)  =  50  cm3  and  reference 
tracheal  diameter  of  d0  =  1.65  cm  (Table  4-4),  the  following  expression  results  for 
estimating  VD(ET)  as  a  function  of  height: 

VD(ET)  =  ^^-l-d02=18.37d02  (4-7) 

(1.65  cm)2 

where  d0  is  in  units  of  cm.  Variability  in  VD(ET)  is  accommodated  by  uncertainties  in  d0  as 
discussed  above  (i.e.,  see  Eq.  4-3  and  accompanying  discussion). 

The  volumes  of  the  bronchial  (BB)  and  bronchiolar  regions  (bb)  have  not  been 
measured  directly.  However,  based  on  total  dead  space  and  airway  diameter 
measurements,  estimates  can  be  made  regarding  the  partition  of  the  anatomical  dead  space 
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between  these  two  regions  and  the  ET  region.  In  a  study  by  Yu  and  Diu  (1982),  a  number 

of  lung  models  based  on  independent  measurements  of  airway  dimensions  were  compared. 

The  models  compared  were  from  Weibel  (1963),  Olson  et  al.  (1970),  Hansen  and  Ampaya 

(1975),  and  Yeh  and  Schum  (1980).  Based  on  data  reported  in  Yu  and  Diu  (1982,  Tables 

II,  III,  IV,  and  V),  the  ratio  of  the  volume  of  the  bb  region  (airway  generations  9  to  15)  to 

the  volume  of  the  BB  region  (airway  generations  0  to  8),  i.e.,  VD(bb):VD(BB),  equals  1.20 

for  the  model  of  Weibel,  1 .02  for  the  model  of  Olson  et  al.,  1 .02  for  the  model  of  Hansen 

and  Ampaya),  and  1 .005  (model  of  Yeh  and  Schum).  An  additional  value  of  0.77  for  the 

ratio  is  derived  from  the  reference  model  described  in  Phalen  et  al.  (1985).    The  average 

of  these  values  is  1 .003.    In  conclusion,  these  ratios  help  justify  an  assumption  that  the 

volume  of  the  bronchial  (BB)  region  is  equal  to  the  volume  of  the  bronchiolar  (bb)  region. 

Therefore,  since  VD  =  VD(ET)  +  VD(BB)  +  VD(bb),  the  following  expression  was  adopted 

in  the  present  study  to  predict  VD(BB)  and  VD(bb): 

VD(BB)  =  VD(bb)  =  0.5  *  [VD  -  VD(ET)].  (4-8) 

Variabilities  in  the  regional  volumes  are  accommodated  through  variabilities  in  VD  and 

VD(ET)  as  discussed  above. 

It  is  important  to  note  the  agreement  between  the  regression  expressions  adopted 

above  for  airway  dimensions  (Table  4-5)  and  the  one  adopted  for  total  anatomical  dead 

space  (Eq.  4-4).  The  studies  cited  above  for  airway  dimensions  are  independent  of  the 

studies  cited  for  total  dead  space.  If  the  equations  in  Table  4-5  are  used  with  this  body 

height  and  airways  are  assumed  to  be  right  cylinders,  the  volume  VD(BB)+VD(bb)  can  be 

computed  as  the  total  cumulative  volume  of  airway  generations  0  to  15  and  equals  about 
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96  cm3.  If  VD(ET)  is  equal  to  50  cm3  (as  discussed  above)  then  a  total  dead  space  of 

96+50  =  146  cm3  is  derived  for  a  reference  (or  typical)  adult  male.  This  value  agrees  well 

with  the  value  of  150  cm3  which  can  be  computed  for  Ht  =  176  cm  with  the  empirical 

expression  given  in  Eq.  4-4. 

4.1.6.  Functional  Residual  Capacity 

The  functional  residual  capacity,  FRC,  is  the  volume  of  gas  in  the  respiratory  tract 
at  the  end  of  a  normal  expiration.  The  FRC  can  be  measured  by  gas  dilution  techniques 
(e.g.,  helium  dilution)  or  by  body  plethysmography.  In  addition  to  age,  gender,  and  body 
height,  functional  residual  capacity  has  been  found  to  vary  slightly  with  exertion  level, 
posture,  and  body  fat  content,  e.g.,  see  Altman  and  Dittmer  (1971)  for  a  compilation  of 
references.  The  functional  residual  capacity  is  used  in  the  deposition  model  (i.e.,  Tables  2- 
1  and  2-2)  to  correct  for  increases  in  the  (resting-level)  anatomical  dead  space,  VD,  during 
increased  tidal  breathing.  Data  compiled  by  Altman  and  Dittmer  ( 1 97 1 ,  p.  68)  indicate  an 
increase  of  about  30-50%  in  dead  space  for  high-  versus  normal-level  breathing. 

Based  on  measured  data,  linear  regression  models  have  been  proposed  (Quanjer  et 
al.,  1983)  to  predict  the  mean  FRC  as  functions  of  body  height  and  age  for  adult  men  and 
women.  For  children,  both  linear  and  power  function  models  have  been  proposed  (e.g., 
Helleisen  et  al.,  1958;  Gaultier  et  al.,  1979;  Taussig  et  al.,  1977;  Zapletal  et.  al,  1987). 
The  residual  standard  errors  (RSE)  of  the  regression  models  provide  an  estimate  of  the 
uncertainty  and  variability  at  a  given  height  (and  age)  for  a  specified  population  class.  The 
equations  and  error  terms  listed  in  Table  4-6  were  adopted  for  use  in  the  present  study. 
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Similar  equations  with  slightly  different  fitting  parameters  have  been  presented  by  Cotes 

(1979)  and  by  Altman  and  Dittmer  (1971).  Results  of  these  references  generally  agree 

with  the  expressions  presented  in  Table  4-6. 


Table  4-6.  Regression  equations  and  related  information  for  functional  residual  capacity. 
Population  Class  Notes/comments  Regression  Equation  R2  RSE 
Age  and  Gender Mean  FRC  (ml) (ml) 

Infants:  0-3  years'       French  infants;  p<  0.001;       FRC  =  6.57*Ht  -  246.9  0.81       27.8 

(36  boys,  34  girls)       He  dilution  technique 

Infants:  0-3  yearsb       U.S.  infants;  p<  0.001;  FRC  =  7.740*Ht  -  347.7  0.80       44.9 

( 1 9  boys,  1 5  girls)       He  dilution  technique 

Children:  3-6  yearsb     U.S.  children;  FRC  =  12.76*Ht- 760.9         0.48      94.6 

(5 1  boys,  36  girls)       He  dilution  technique 

Children:  6- 1 8  yearsc  He  dilution  technique.  FRC  =  1 .29x1 03*Ht2  82  0.8 1       1 .  14e 

(70  boys,  74  girls) 

Adult  Males'1  Based  on  compilation  of         FRC=23.48*Ht  +  90*A  0.26       600 

many  studies  representing  -1093 

many  nationalities. 

Adult  Femalesd  Same  as  "Adult  Males."  FRC=22.45*Ht+ 1.0*A  0.35       500 

-1003 

Sources:  'Gaultier  et  al.  (1979),  bTaussig  et  al.  (1977),  cZapletal  et  al.  (1987), 

dQuanjeretal.  (1983). 

Notes:  All  volumes  are  at  body  temperature  and  saturated  with  water  vapor,  BTPS. 

Ht  =  height  (cm);  A  =  age  (years);  RSE  =  residual  standard  error. 

e  This  value  corresponds  to  the  geometric  residual  standard  error  (no  units). 


Given  the  information  presented  in  Table  4-6,  the  following  expressions  were  used 
as  appropriate  to  sample  values  of  FRC  for  the  n  trials: 

FRC  =  FRCf€g  +  EFIlc  (4-9) 

or         FRC  =  FRCreg*EFRC  (4-10) 

where  FRC^  refers  to  the  appropriate  regression  equation  in  Table  4-6  and  is  a  function 
of  height  and  possibly  age;  E^  is  a  residual  error  term  added  to  or  multiplied  into  the 
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regression  expression  to  introduce  variability  and  uncertainty  not  explained  by  the 
regression  expression.  Equation  4-10  was  used  when  FRC„g  is  described  by  a  power 
function;  otherwise  Equation  4-9  was  used.  When  Eq.  4-9  was  used,  the  error  term  EpRc 
was  assumed  to  follow  a  normal  distribution  with  mean  of  zero  and  standard  deviation 
given  by  the  appropriate  RSE  value  in  Table  4-6.  When  Eq.  4-10  was  used,  E^c  was 
assumed  to  be  lognormally  distributed  with  geometric  mean  of  one  and  geometric  standard 
deviation  given  by  the  appropriate  RSE  value  in  Table  4-6. 

For  adults  and  3  to  6  year-old  children,  the  regression  expressions  presented  in 
Table  4-6  account  for  little  of  the  variability  in  FRC.  For  example,  only  26%  and  35%  of 
the  variance  in  FRC  for  adult  males  and  females,  respectively,  are  explained  by  the 
regression  model  in  Table  4-6.  This  observation  is  in  sharp  contrast  to  equations  for  other 
age  groups  (0-3  years  and  6-18  years),  where  the  regression  appears  relatively  successful 
in  explaining  much  of  the  variance. 

4.1.7.  Vital  Capacity 

Vital  capacity,  VC,  is  the  volume  of  air  inhaled  from  a  maximal  expiratory  level  to 
a  maximal  inspiratory  level  (inspiratory  VC)  or  the  volume  exhaled  from  maximal 
inspiratory  level  to  maximal  expiratory  level  (expiratory  VC),  depending  on  measurement 
techniques  used.  Vital  capacity  is  generally  measured  with  a  spirometer.  Although  not  a 
direct  input  parameter  to  the  deposition  model,  the  vital  capacity  (one  half  of  VC)  has 
been  suggested  (Hey  et  al.,  1966;  discussed  in  section  4.1.9)  as  an  upper  limit  to  the  tidal 
volume  at  high  breathing  levels.  Quanjer  et  al.  (1983)  compiled  results  of  a  number  of 


140 
experimental  studies  of  VC  for  adult  males  and  females  and—based  on  this  compilation- 
recommended  standard  regression  expressions  for  VC.  Zapletal  et  al.  (1987)  measured 
VC  in  children  and  adolescents  with  ages  ranging  from  6  to  18  years.  For  0  to  3  year-old 
children,  the  crying  vital  capacity  (CVC)  has  been  measured  by  Gaultier  et  al.  (1979)  using 
an  adapted  mouth  piece  connected  to  a  spirograph.  The  crying  vital  capacity  refers  to  the 
amount  of  air  breathed  in  or  out  while  an  infant  is  crying.  In  all  of  the  cited  studies,  data 
were  summarized  with  regression  equations  giving  VC  as  functions  of  height,  Ht,  and  in 
some  cases  height  and  age.  These  equations,  accompanied  by  their  residual  standard  error 
(RSE)  and  R2  values,  are  listed  in  Table  4-7.  The  R2  values  indicate  that  the  regression 
equations  explain  the  variability  in  VC  reasonably  well,  accounting  for  over  80%  of  the 
variability  in  all  cases. 


Table  4-7.  Regression  Equations  and  Related  Information  for  Vital  Capacity. 

Population  Class             Notes/comments                   Regression  Equation,             R2      RSEd 
VC(ml) (ml) 

Infants:  0-3yrsa  Crying  vital  capacity  CVC  =  12.28*Ht -539  0.92     42.8 

(45  subjects)  measured. 

Children:  6-18  yrsb  VC  =  3.38xl0"3*Ht272  0.88     1  10e 

(86  boys,  87  girls) 

Adult  Males0  Average  of  many  studies.     VC  =  61.0*Ht-28.0*A  -4650      0.88     560 

Adult  Females'  "      VC  =  46.6*Ht  -  24.0*A  -  3280      0.81     420 

Sources: '  Gaultier  et  al.  (1979),  bZapletal  et  al.  (1987), c  Quanjer  et  al.  (1983). 

Notes:  All  volumes  are  at  BTPS;  Ht  =  height  (cm);  A  =  age  (years). 

d  RSE  =  Standard  error  of  the  estimate  (residual  error  of  the  regression). 

c  This  value  corresponds  to  the  geometric  residual  standard  deviation  (no  units). 


Given  the  information  presented  in  Table  4-7,  the  following  expressions  were  used, 
as  appropriate,  to  sample  values  of  VC  for  the  n  trials: 

VC^VC^  +  Evc  (4-11) 
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or        VC  =  VCreg*Evc  (4-12) 

where  VC,,,  refers  to  the  appropriate  regression  equation  in  Table  4-7  and  is  a  function  of 
height  and  possibly  age;  EvC  is  a  residual  error  term  added  to  or  multiplied  into  the 
regression  expression  to  introduce  variability  and  uncertainty  not  explained  by  the 
regression  expression.  Equation  4-12  was  used  when  VC,^  is  a  power  function;  otherwise 
Equation  4-11  was  used.  For  Eq.  4-1 1,  the  error  term  EvC  was  assumed  to  follow  a 
normal  distribution  with  mean  value  of  zero  and  standard  deviation  equal  to  the  RSE 
reported  in  Table  4-7.  For  Eq.  4-12,  EvC  was  assumed  to  be  lognormally  distributed  with 
geometric  mean  of  one  and  geometric  standard  deviation  estimated  by  the  RSE  value 
reported  in  Table  4-7.  Furthermore,  the  results  of  Zapletal  et  al.  (1987)  were  assumed  to 
apply  to  4-  and  5-year  olds  since  data  are  lacking  for  this  age. 

4.1.8.  Ventilation  Rates  and  Volumetric  Flow  Rate 

The  ventilation  rate,  VE,  is  defined  as  the  volume  of  air  expired  from  the 
respiratory  tract  per  minute  (or  minute  ventilation).  The  ventilation  rate  is  equal  to  the 
product  of  the  tidal  volume,  VT  (volume  of  air  expired  during  a  breath),  and  the 
respiratory  rate  (number  of  breaths  per  minute).  Coupled  with  the  airborne  concentration 
of  a  contaminant,  the  ventilation  rate  determines  the  potential  intake  of  an  inhaled 
substance.  The  ventilation  rate  is  also  used  to  estimate  the  average  volumetric  flow  rate, 
VF ,  of  air  through  the  airways  during  inhalation  and  exhalation.  This  flow  rate  is  an 
important  parameter  in  the  deposition  model  and  influences  impaction  efficiencies  and 
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residence  times  of  aerosol  particles  in  various  airway  regions.  The  deposition  model  (see 
Tables  2-1  and  2-2)  requires  the  average  flow  rates  during  inhalation  and  exhalation. 

Although  measured  at  ambient  temperature  and  pressure  (ATP),  the  ventilation 
rate  is  defined  and  reported  at  body  temperature  and  pressure,  saturated  (BTPS)  with 
water  vapor.  Volumes  at  BTPS  must  be  corrected  to  ATP  to  determine  the  volume  of 
ambient  air  inhaled.  The  volume  of  the  inhaled,  rather  than  exhaled,  air  is  important  to 
assess  the  activity  intake.  Based  on  the  ideal  gas  law,  volumes  under  these  two  conditions 
are  linked  by  the  following  equation  (Cotes,  1979): 


V 

ATP 

v 

BTPS 


1  P'B  -  47mmHg 


^A  (4-13) 

273    +  37  J 


where  V  is  the  gas  volume  under  conditions  specified  by  the  subscript;  PB  denotes  the 
barometric  pressure  at  ATP  (in  mm  Hg);  P'B  denotes  the  barometric  pressure  for  the 
volume  expressed  at  BTPS;  t  denotes  the  ambient  temperature  in  °C  (body  temperature  is 
37  °C);  and  P^oW  is  the  water  vapor  pressure  at  temperature  t  (Pmo  =  47  mmHg  at  37 
°C).  The  vapor  pressure  for  water  (mmHg)  can  be  estimated  from  the  following  empirical 
formula  for  temperatures  between  0  and  60  °C  (Hinds,  1982): 

|0E'°P°.°(,)  =  8U  "  ^  ■  (4-M) 

Most  of  the  studies  examined  in  this  research  do  not  specify  the  barometric  pressure  at 
which  ventilation  data  are  reported;  so  the  assumption  is  made  that  volumes  are  reported 
at  standard  pressure  (i.e.,  P'B  =  760  mmHg  is  used  in  Eq.  4-13). 
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Using  Eqs.  (4-13)  and  (4-14),  the  ratio  of  inhaled  volumes  (ATP)  to  exhaled 

volumes  (at  BTPS)  was  computed  as  a  function  of  (ambient)  temperature  and  is  plotted  in 

Figure  4-9  for  some  ambient  barometric  pressures.  A  pressure  of  0.8  atm  (608  mmHg) 

corresponds  to  a  standard  elevation  of  about  2000  m  (6560  ft)  above  sea  level;  a  pressure 

of  0.9  atm  (684  mmHg)  corresponds  to  an  elevation  of  about  1000  m  (3280  ft).  For  an 

ambient  temperature  of  20  °C  (68  °F)  and  pressure  of  1  atm,  Figure  4-9  shows  that 

volumes  at  ATP  are  10%  less  than  volumes  at  BTPS.  Thus,  use  of  ventilation  rates  at 

BTPS  without  volume  corrections  would  slightly  over-predict  the  intake  of  an  airborne 

substance  by  approximately  10%  at  these  conditions.  Eqs.  (4-13)  and  (4-14)  were  used  in 

this  work  to  determine  ventilation  rate  and  radionuclide  intake. 


1.5 


PB  -  0.8  atm         _±_   PB  =  1  atm 


PR  =  0.9  atm 


PR=  1.1  atm 


Ambient  Temperature,  t  (   C  ) 

Figure  4-9.  Relationship  between  volumes  at  ambient  temperature  and  pressure  to 
volumes  reported  at  body  temperature  and  pressure  (BTPS).  A  collection  pressure  of  760 
mmHg  (1  atm)  has  been  assumed. 
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As  mentioned,  the  ventilation  rate  is  used  to  approximate  an  average  volumetric 
flow  rate,  VF,  of  air  moving  into  and  out  of  the  respiratory  tract.  This  flow  rate  is  needed 
to  determine  regional  deposition  fractions.  Assuming  that  the  instantaneous  flow  rate 
follows  a  sinusoidal  pattern  (e.g.,  as  depicted  by  Cotes,  1979,  p.  74),  the  root  mean  square 
flow  rate,  denoted  VFnns,  can  be  derived  as: 


VFjM(mL/s) 


Tjnm 


1000  mL  -mill 


60  L-s 


VB(L/min)        10oo     „  „„    „  ,.  ,„ 

*n— - =  *2.22*V_   .        (4-15) 

v/2  60 


where  conditions  of  BTPS  are  retained  to  represent  volumes  associated  with  the  flow  rate. 
An  assumption  made  in  deriving  Equation  4-15  was  that  the  inpsiratory  time,  Tb  is 
equal  to  the  expiratory  time,  TE;  or  T,/Tto,  equals  0.5,  where  Ttot  =  T,  +  TE.  Several  studies 
have  examined  breathing  patterns  regarding  inspiratory,  expiratory,  and  total  breathing 
cycle  times  (Kay  et  al.,  1975;  Clark  et  al.,  1983;  Lind  and  Hesser,  1984;  Poon,  1989; 
Younes,  1991;  Caretti  et  al.,  1992).  Poon  (1989)  found  values  for  T/TM  ranging  from  0.4 
to  0.6;  however,  no  trend  could  be  discerned  from  the  data  plotted.  Lind  and  Hesser 
(1984)  reported  average  values  of  T,/Ttot  ranging  from  about  0.35  to  0.42  for  eight  male 
subjects  at  various  exercise  levels;  as  the  exercise  level  increased  from  rest  (0.38  average 
at  rest),  the  average  ratio  decreased  initially,  reached  a  minimum  (of  0.35),  and  then 
increased  to  0.42.  Caretti  et  al.  (1992)  examined  14  adult  males  during  cycling  and 
treadmill  exercises  and  found  the  average  value  of  T,/Ttot  to  increase  from  approximately 
0.40  to  0.53  in  cycling  and  from  about  0.38  to  0.53  during  treadmill  exercise  as  the 
ventilation  rate  increased.  Younes  (1991)  listed  typical  values  of  T1/TM  during  exercise 
that  ranged  from  0.42  (at  power  output  of  50  Watts)  to  0.49  (at  250  Watts).  These 
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studies  indicate  that  inspiration  time  is  slightly  shorter  than  expiration  time  at  resting  levels 

and  that  these  times  become  approximately  equal  during  increased  exercise.  This  level  of 
detail  in  the  breathing  pattern  is  acknowledged  here  but  not  incorporated  into  the  present 
work.  In  preliminary  investigations  of  the  deposition  model  in  this  work,  indications  were 
that  differences  between  inspiratory  and  expiratory  times  at  the  levels  discussed  above  did 
not  significantly  affect  deposition  predictions. 

For  intake  assessment  activities  VE  values  for  different  ages  and  gender  have 
traditionally  been  estimated  as  the  product  of  the  tidal  volume  and  respiratory  frequency 
(e.g.,  ICRP,  1975;  Roy  and  Courtay,  1991),  where  these  two  factors  are  selected  for 
broad  physical  exertion  levels  (such  as  resting,  light  exertion,...,  etc.).  While  useful  for 
estimating  typical  or  reference  ventilation  rates,  this  approach  leads  to  difficulties  when 
trying  to  accommodate  uncertainties  and  variabilities  in  ventilation  rates.  One  problem  is 
that  tidal  volume  and  respiratory  frequency  are  not  statistically  independent.  Furthermore, 
this  traditional  approach  provides  no  simple  means  to  account  for  correlations  between 
ventilation  rates  and  various  lung  volumes  (including  airway  dimensions).  A  solution  to 
this  problem  is  possible  if  an  approach  based  on  energy  expenditure  and  oxygen 
consumption  is  utilized  to  determine  ventilation  rates.  Among  other  things,  this  approach 
accounts  for  variabilities  in  body  weight,  age,  and  exertion  level.  Furthermore,  by  using 
this  approach,  correlations  between  many  deposition  model  parameters-such  as  airway 
diameters,  dead  space,  functional  residual  capacity,  and  vital  capacity-are  indirectly 
accommodated  since  these  parameters  have  also  been  related  to  body  size,  age,  and 
gender.  In  this  study  ventilation  rate  is  assumed  to  be  linearly  proportional  to  the  oxygen 
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consumption  rate;  and  the  oxygen  consumption  rate  is  assumed  to  be  linearly  proportional 

to  the  metabolic  rate.  The  following  discussion  provides  some  support  for  this 

assumption. 

A  fundamental  equation,  based  on  steady-state  mass  balance  considerations,  for 

relating  the  alveolar  ventilation  rate  VA  (the  amount  of  air  expired  from  the  alveolar  region 

of  the  respiratory  tract  per  minute  at  BTPS)  to  other  ventilatory  factors  is  the  following: 

V 

CO 

VA  =  f*(VT-  VJ  =  —^863  (4-16) 

ACOj 

where  f  is  the  respiratory  frequency  (breaths  per  minute);  VT  is  the  tidal  volume 
(expressed  in  liters  at  BTPS);  VD  is  the  dead  space  (expressed  in  liters  at  BTPS);  VC02  is 
the  C02  production  rate  (at  standard  temperature  and  pressure,  dry  air,  or  STPD);  and 
PAC02  is  the  partial  pressure  (mmHg)  of  C02  in  the  alveolar  region  of  the  lungs.  The 
constant  term,  863,  accounts  for  the  partial  pressure  of  gases  in  the  alveolar  air  ( =  760  - 
47  mmHg)  and  a  conversion  factor  for  volumes  from  STPD  to  BTPS  conditions  (=  1.21). 
The  carbon  dioxide  production  rate,  VC02,  is  related  to  the  oxygen  consumption  rate,  V02, 
by  the  following  ratio,  defined  as  the  respiratory  exchange  ratio:  R,  =  VC02/V02.  The 
value  of  R,  is  typically  around  0.8  since  less  C02  is  added  than  02  removed  from  alveolar 
air  during  gas  exchange.  Since  VE  =  f  * VT  and  R,.  =  VC02/V02,  the  following  expression 
can  be  derived  from  Equation  4-16  to  relate  VE  to  the  oxygen  consumption  rate  (among 
other  factors): 


vB 


863  *R 


P       (1  -  V  /V  ) 

rACO,  vx  yd'  *T' 
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*V02   .  (4-17) 


Based  on  mass  balance  considerations,  this  expression  indicates  that  the  ventilation 
rate  is  proportional  to  the  oxygen  consumption  rate;  however,  since  other  ventilatory 
factors  are  present  in  the  expression,  a  linear  proportionality  may  not  be  strictly  true. 
Values  of  R,  and  PACo2 are  relatively  constant  and  independent  of  age,  gender,  and 
exertion  level  (typical  values  are  0.8  and  40  mmHg,  respectively).  The  ratio  Vj/V-r  is 
influenced  by  the  exertion  level  according  to  data  compiled  by  Altman  and  Dittmer  (1971, 
p.  65).  As  the  breathing  level  increases,  \VV-r  generally  decreases;  therefore,  in  theory, 
VE  and  V02  are  not  strictly  linearly  related. 

However,  empirical  plots  of  VE  versus  V02  for  adults  show  a  linear  relationship  up 
to  an  oxygen  uptake  rate  of  about  2.5  1/min  (e.g.,  Layton,  1993,  Figure  2;  Guyton,  1991, 
Figure  41-9;  Powers  and  Howley,  1990,  P.  231;  Brooks  and  Fahey,  1984,  p.  257; 
Grodins,  1950).  At  V02  values  higher  than  about  2.5  1/min  (for  adults),  the  slope  of  VE 
versus  V02  increases  slightly  with  increasing  values  of  V02.  Layton  (1993)  recently 
combined  and  reanalyzed  data  from  several  studies  reporting  VE  and  V02  and  found  that 
the  following  regression  equation  provided  a  good  fit  to  data: 

VE=27(V02)0",  (4-18) 

with  R2=  0.96  and  V02  ranging  from  about  0.25  to  6.0  L/min  (STPD).  The  coefficient  of 
determination  (R2)  implies  that  96%  of  the  total  variance  in  the  measured  ventilation 
values  is  explained  by  the  above  regression  on  V02.  This  empirical  result  supports  an 
assumption  that  changes  in  VE  are  linear  with  respect  to  changes  in  V02  (at  least  up  to  a 


148 
level).  An  empirical  quantity  known  as  the  ventilatory  equivalent  ratio,  VQ,  relates 
Equations  4-17  and  4-18.  The  ventilatory  equivalent  ratio,  VQ,  is  defined  as  the  ratio  of 
VE  (in  L-air/min  at  BTPS)  to  V02  (in  L-O^min  at  STPD).  The  ventilatory  equivalent  ratio 
has  a  typical  value  of  27  as  indicated  by  Equation  4-18  and  is  relatively  constant  during 
exercise. 

Based  on  discussions  above  and  on  suggestions  by  Layton  (1993),  the  following 
model  was  adopted  in  this  study  to  sample  ventilation  rates  for  members  of  population 
groups  (in  specified  physical  exertion  levels): 

Ve  =  VQ  *  V02  .  (4-19) 

Variability  in  VQ  is  discussed  in  a  following  subsection.  At  least  two  approaches  exist  for 
estimating  variabilities  (and  uncertainties)  in  oxygen  consumption  rates  for  population 
groups  (e.g.,  5  year-old  males)  exposed  at  a  specified  exertion  level  (e.g.,  resting).  One 
approach  is  to  estimate  values  of  V02  at  different  exertion  levels  based  on  a  multiplier  of 
the  resting,  or  basal,  V02;  the  other  approach  is  to  estimate  values  based  on  a  multiplier  of 
the  maximal  oxygen  uptake  rates,  or  V02  max.  In  this  study  the  former  approach  was 
adopted  (as  suggested  by  Layton,  1993),  and  the  oxygen  consumption  rate  was  estimated 
from  the  following  expression: 

V02  =  (OBMR.H^B^  (4-20) 

where  the  term  in  parentheses  represents  the  basal  oxygen  consumption  rate;  C  is  a 
constant  factor  to  account  for  conversion  of  units;  BMR  denotes  the  basal  metabolic  rate; 
and  Hoxy  is  an  oxygen  consumption  factor  representing  the  amount  of  oxygen  (liters) 
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required  to  produce  1  kJ  of  energy  by  metabolizing  various  energy  sources  (fats,  proteins, 
and  carbohydrates)  in  the  body.  The  term  Bmuh  is  the  basal  multiplier  which  depends  on 
the  level  of  exertion.  Units  for  these  factors  are  as  follows:  BMR  (MJ/day),  H,,^  (liters  02 
per  kJ);  Bmult  (no  units).  Based  on  these  units,  C  is  equal  to  0.694  (kJ-day)/(MJ-min).  The 
factors  BMR,  Bmuh,  Hoxy  are  discussed  in  more  detail  in  the  following  subsections. 

4.1.8.1.  Ventilatory  equivalent  ratio.  VO 

In  an  attempt  to  infer  a  distribution  for  VQ,  Layton  (1993)  combined  and 
reanalyzed  data  from  a  number  of  earlier  studies.  From  159  measurements  in  75  subjects 
(most  were  males;  many  were  athletes),  he  found  that  a  lognormal  distribution  having  a 
geometric  mean  of  27  and  a  geometric  standard  deviation  (GSD)  of  1 .  18  provided  a  good 
fit  to  the  data.  As  an  independent  source  of  verification,  Layton  (1993)  cited  typical 
values  of  VQ  determined  by  other  authors;  for  example,  Grodins  (1950)  in  a  summary  of 
earlier  work  on  ventilation  and  oxygen  consumption  examined  the  relationship  between  VE 
and  V02  (based  on  61 1  respiratory  measurements  on  86  subjects).  The  slope  of  the  linear 
portion  of  the  curve  corresponded  to  a  typical  value  of  VQ  =  25.  In  a  literature  review 
conducted  for  the  current  study,  two  additional  studies  were  found  which  examined  VQ. 
Matheson  and  Gray  (1950)  examined  100  healthy,  young  male  medical  students  on  two 
different  days.  For  the  first  day,  a  geometric  mean  and  GSD  of  27  and  1.17,  respectively, 
can  be  estimated  for  VQ  from  the  data  presented.  For  the  second  day,  these  values  were 
25  and  1.13,  respectively.  Filley  et  al.  (1954)  examined  34  normal  males  (23  to  60  years 
of  age)  during  moderately  severe  treadmill  exercise;  a  geometric  mean  of  27  and  GSD  of 
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1.15  were  deduced  for  VQ  from  the  data  presented.  Averaging  the  results  from  Layton 
(1993),  Matheson  and  Gray  (1950),  and  Filley  et  al.  (1954)  yields  an  average  geometric 
mean  of  26.5  and  GSD  of  1 .  16.  These  parameters  were  adopted  to  model  variabilities  in 
VQ  in  the  current  study.  With  respect  to  variability,  the  upper  and  lower  95%  confidence 
bounds  of  VQ  can  be  estimated  as  20  and  35,  respectively  (corresponding  to  a  relative 
difference  of  about  75%). 

Most  of  the  above  studies  were  based  on  adult  males;  however,  values  of  VQ  for 
other  females  and  for  children  are  not  expected  to  differ  greatly.  As  cited  by  Layton 
(1993),  Stahlman  and  Meece  (1957)  studied  44  newborns  and  the  resulting  geometric 
mean  value  for  VQ  was  28.1  with  a  GSD  of  1.3.  Cook  et  al.  (1955)  studied  17  newborns 
and  found  a  geometric  mean  of  24.6  with  a  GSD  of  1.23.  Lacking  additional  data,  the 
lognormal  distribution  assigned  above  (geometric  mean  of  26.5  and  GSD  of  1.16)  was 
used  in  this  study  for  all  population  classes.  Additional  data  are  needed  to  characterize 
VQ  for  other  ages. 

4.1.8.2.  Basal  metabolic  rate.  BMR 

The  basal  metabolic  rate,  BMR,  is  the  rate  at  which  energy  must  be  consumed  by 
the  human  body  to  sustain  the  most  basic  activities  of  life.  Although  not  technically 
correct,  the  resting  metabolic  rate  has  been  used  to  approximate  the  basal  metabolic  rate  in 
many  studies.  Energy  consumed  in  the  basal  state  by  the  liver,  brain,  heart,  and  kidneys 
contribute  26.4%,  18.3%,  9.2%,  and  7.2%,  respectively  to  the  BMR  (Lentner,  1981). 
Skeletal  muscle  contributes  another  25.6%  for  a  total  of  86.7%.  The  additional  13.3%  of 
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energy  consumption  is  associated  with  other  organs.  The  basal  metabolism  is  a  function 

of  a  number  of  factors  including  gender,  height,  mass,  body  composition,  age,  and 
hormonal  balance. 

Standard  values  of  BMR  have  been  recommended  per  age  and  gender  by  a  number 
of  authors  (e.g.,  DuBois,  1936;  Fleisch,  1951;  Altman  and  Dittmer,  1968,  p.  345;  and 
Schofield,  1985).  Schofield  (1985)  reviewed  past  studies  and  provided  improved 
estimates  for  the  average  BMR  by  developing  linear  regressions  of  BMR  on  body  weight 
and  age.  The  equations  were  derived  by  least  squares  regression  using  over  7000  data 
points  classified  by  age  and  gender.  These  regression  equations  are  listed  in  Table  4-8. 
The  residual  standard  errors  (RSE)  reported  in  that  table  are  measures  of  the  uncertainty 
in  BMR  for  given  body  weight,  age  and  gender.  Use  of  the  linear  regression  model 
assumes  that  the  residual  errors  are  normally  distributed  about  a  mean  of  zero  and 
standard  deviation  approximated  by  the  RSE.  Using  histograms  and  probability  plots, 
Schofield  (1985)  examined  the  residual  errors  for  each  age  group;  the  results  supported 
the  assumption  that  the  residuals  were  normally  distributed.  Values  of  R2  shown  in  Table 
4-8  indicate  that  between  about  40%  and  90%  of  the  variance  in  BMR  is  explained  by  the 
regression  on  body  weight  for  given  age/gender  groups. 

For  the  present  study,  the  BMR  (for  specified  age  and  gender  class)  was  sampled 
by  means  of  the  following  expression: 

BMR    -BMR„  +Ebmr  (4-21) 
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where  BMR,^  represents  the  appropriate  regression  equation  from  Table  4-8  and  Eg,^  is  a 
residual  error  term  introduced  to  accommodate  variability  in  BMR  not  explained  by  the 
regression  equation.  The  error  term  Eg,^  was  assigned  a  normal  distribution  with  mean 
value  of  zero  and  standard  deviation  equal  to  the  appropriate  residual  standard  error 
(RSE)  value  given  in  Table  4-8.  Body  weight,  needed  for  computation  of  BMR,  was 
determined  from  sampled  values  for  body  height  and  the  body  mass  index  as  outlined 
earlier  in  sections  4.1.1  and  4. 1 .2  in  this  chapter. 


Table  4-8.  Regression  equations  and  related  data  characterizing  basal  metabolic  rates  for 

given  age  and  gender  classes. 

Age  Gender        Na       Regression  Equation  BMR        R2  RSE       Typical 

(MJ/24  hr)  Valueb 


Under  3  years 

Male 

162 

BMR  = 

=  0.249*Wt- 0.127 

0.90 

0.2925 

1.51 

Female 

137 

BMR  = 

=  0.244*Wt- 0.130 

0.92 

0.2456 

1.54 

3  to  10  years 

Male 

338 

BMR  = 

=  0.095*Wt  +  2.110 

0.69 

0.2803 

4.14 

Female 

413 

BMR  = 

=  0.085*Wt  +  2.033 

0.66 

0.2924 

3.85 

10  to  18  years 

Male 

734 

BMR  = 

■  0.074*Wt  +  2.754 

0.86 

0.4404 

5.86 

Female 

575 

BMR  = 

=  0.056*Wt  + 2.898 

0.64 

0.4661 

5.04 

18  to  30  years 

Male 

2879 

BMR  = 

=  0.063*  Wt  +  2.896 

0.42 

0.6407 

6.87 

Female 

829 

BMR  = 

--  0.062*Wt  +  2.036 

0.53 

0.4967 

5.33 

30  to  60  years 

Male 

646 

BMR  = 

■  0.048*Wt  +  3.653 

0.36 

0.6997 

6.75 

Female 

372 

BMR  = 

■  0.034*Wt  +  3.538 

0.46 

0.4653 

5.62 

Over  60  years 

Male 

50 

BMR  = 

■  0.049*  Wt  +  2.459 

0.51 

0.6865 

5.59 

Female 

38 

BMR  = 

=  0.038*Wt  +  2.755 

0.46 

0.4511 

4.85 

Source:  Schofield  ( 

;i985,  pp 

17-18) 

a  N  =  number  of  subjects  in  study 

b  Values  of  BMR  (MJ/24  hr)  reported  in  using  typical  weight  and  age  for  group. 


As  an  example  of  the  spread  in  BMR  values,  the  18  to  30  year  old  adult  male 
population  class  is  examined  here.  A  typical  BMR  value  of  6.87  MJ/day  is  reported  for 
this  class  in  the  last  column  of  Table  4-8.  Estimates  for  the  95%  confidence  bounds  of 
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BMR  are  approximated  by  the  typical  BMR  value  plus  or  minus  twice  the  RSE.  This 

computation  leads  to  a  relative  difference  of  about  45%  for  the  upper  and  lower  95% 
confidence  bounds.  Examinations  of  other  population  classes  show  similar  spreads  in  the 
values  of  BMR. 

4 . 1 . 8 . 3 .  Oxygen  consumption  factor,  Hoxy 

The  oxygen  consumption  factor,  Hoxy,  is  equal  to  the  volume  of  oxygen  (at 
conditions  of  standard  temperature  [273  K]  and  pressure  [1  atm]  for  dry  air,  or  STPD) 
consumed  in  the  production  of  1  kJ  of  energy.  Thus,  H,,^  has  units  of  LkJ'1.  Energy  (and 
C02  and  H20)  is  produced  when  the  body  catabolizes  (oxidizes)  fats,  proteins,  and 
carbohydrates.  The  amount  of  oxygen  consumed  in  such  processes  depends  on  the  energy 
source.  Oxidation  of  one  gram  of  fat,  protein,  or  carbohydrate  consumes  2.0  L,  0.97  L,  or 
0.83  L  of  02  and  releases  39.4  kJ,  18.3  kJ,  and  17.4  kJ  of  energy,  respectively.  Therefore, 
Hoxy(fat)  -  0.0508;  Hoxy(protein)=  0.0529;  Hoxy(carbohydrate)  =  0.0476.  The  normal  diet 
includes  a  mixture  of  these  three  energy  sources.  Layton  (1993)  examined  results  from 
two  major  studies  on  food  intake  (USDA  1984  and  U.S.  DHHS  1983)  and  arrived  at  the 
same  weighted-average  value  for  Hoxy  of  about  0.05  L  Id'1.  This  average  is  approximately 
equal  to  the  unweighted  average  of  Hoxy(fat),  Hoxy(protein),  and  Hoxy(carbohydrate).  In  the 
present  study,  a  uniform  distribution  with  a  minimum  value  of  0.0476  and  maximum  value 
of  0.0529  was  used  to  model  uncertainties  in  Hoxy.  This  distribution  was  further  assumed 
to  apply  to  all  exertion  levels  and  to  all  age/gender  groups.  There  are  limitations  to  this 
approach.  For  example,  during  exercise,  especially  heavy,  short  term  exercise,  it  is  known 
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that  the  body  preferentially  catabolizes  carbohydrates  (since  less  oxygen  is  needed  to 
oxidize  these  sources).  In  the  current  methodology,  such  detail  in  metabolism,  although 
acknowledged  here,  was  not  incorporated  since  a  relative  difference  of  only  about  10% 
exists  between  minimum  and  maximum  Hoxy  values.  This  influence  of  this  variability  on 
ventilation  rate  is  small  compared  to  variabilities  in  VQ  (-75%),  BMR  (-45%),  and  Bmull 
(discussed  below). 

4. 1 .8.4.  Basal  multiplication  factor,  Bmull 

The  basal  multiplication  factor,  Bmul„  represents  the  ratio  of  the  energy  expenditure 
rate  to  the  basal  metabolic  rate  (or  supine  resting  metabolic  rate  as  an  approximation)  and 
depends  on  the  physical  activity  being  performed.  Layton  (1993)  listed  some  typical 
values  for  Bmult  in  some  common  physical  activities;  these  values  are  repeated  in  Table  4-9. 
Values  for  Bmui,  can  also  be  estimated  from  a  biological  handbook  on  metabolism  compiled 
by  Altman  and  Dittmer  (1968,  pp.  355-361).  In  the  latter  publication,  over  300  different 
energy  expenditure  values  (compiled  from  49  references)  for  males  and  females  were 
presented  as  percents  over  the  supine  level. 

The  ICRP  (1994)  has  specified  four  broad  exertion  levels  in  an  effort  to  group 
different  activities-resting  (sleeping),  sitting  (awake),  light  exertion,  and  heavy  exertion. 
Based  on  the  data  in  Table  4-9  and  (more  so)  on  the  over  300  data  points  in  Altman  and 
Dittmer  (1968),  the  distributions  listed  in  Table  4-10  were  assigned  to  Bmult  per  broad 
physical  exertion  level  to  model  uncertainties  and  variabilities. 
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Table  4-9.  Typical  basal  multiplier  values,  Bmuh,  for  different  activities 


Activity 

Basal 

Activity 

Basal 

Level 

Multiplier 

Level 

Multiplier 

Sedentary  Activity 

1.2 

Moderate  Activities  (cont'd) 

Light  Activities 

Table  tennis 

3.0 

Knitting/sewing 

1.3 

Light  industry 

y       3.1 

Standing 

1.5 

Walking 

3.5 

Floor  sweeping 

1.8 

Bed  Making 

3.8 

Preparing  vegetables 

1.8 

Vacuuming 

3.8 

Office  work 

1.8 

Cycling 

5.3 

Moderate  Activities 

Swimming 

5.3 

Carpet  sweeping 

2.7 

Dancing 

5.3 

Cooking 

2.7 

Heavy  Activities 

Preparing  a  meal 

2.7 

Various  sports  events 

10  to  22 

Dish  washing 

2.7 

Heavy  industry  work 

10 

Volleyball 

3.0 

Source:  Lavton  CI 993.  p. 

28) 

Table  4-10.  Distributions  assigned  to  Bmult  in  this  study  for  four  broad  physical  exertion 
levels. 


Exertion  Level 

Distribution 

Shape 

Minimum  value 

Maximum  value 

Resting 

Uniform 

1.0 

1.1 

Sitting 

Uniform 

1.2 

1.7 

Light  Exertion 

Uniform 

2.0 

5.0 

Heavy  Exertion 

Uniform 

5.0 

10.0 

Note:  Minimum  and 

maximum  values  based 

on  values  reportec 

1  in  Altman  and  Dittmer 

(1968)  and,  to  a  lesser  degree,  on  Table  4-9. 


The  range  chosen  for  each  distribution  depends  on  the  activities  that  were  assigned 
to  each  exertion  level.  The  assignment  process  is  a  potential  source  of  uncertainty  in  these 
distributions.  For  example,  depending  on  the  physical  health  of  the  subject,  walking  might 
qualify  as  a  heavy  exercise.  The  distributions  in  Table  4-10  are  based  on  average  or 
typical  data  for  healthy  persons.  The  value  of  Bmult  varies  not  only  with  the  type  of  activity 
being  performed  (as  indicated  by  typical  values  in  Table  4-9),  but  Bmult  is  expected  to 
demonstrate  high  variability  among  individuals  performing  the  same  type  of  activity.  Data 
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were  not  found  which  quantified  this  latter  aspect  of  the  variability  (i.e.,  variability  among 
individuals  performing  the  same  activity).  Another  potential  source  of  error  is  that  values 
for  B,^  are  presumably  based  on  steady-state  metabolic  activity.  Situations  exist  where 
persons  exposed  during  a  very  short  period  might  not  reach  a  steady  state  level. 

For  the  resting  level,  energy  expenditure  was  taken  to  range  from  the  basal 
metabolic  level  (BmiU=l)  to  10%  greater  than  the  BMR  (Bmutt  =  1.10).    The  upper  value 
was  chosen  to  account  for  increased  metabolism  (over  basal)  due  to  such  processes  as 
digestion  and  fluctuations  in  metabolism  during  sleep.  For  example,  DuBois  (1936) 
suggested  a  rise  in  metabolism  of  5-10%  for  an  average  diet  due  to  the  specific  action  of 
food.  The  limits  chosen  for  sitting  are  based  primarily  on  data  from  Altman  and  Dittmer 
(1968)  who  presented  energy  expenditure  for  several  sitting  activities  (e.g.,  calculating, 
writing,  listening  to  radio,  reading,  eating,  etc.).  The  values  for  light  exertion  are  based  on 
activities  such  as  showering,  dressing,  driving  a  car,  walking  (<  4.0  mi/hr),  cooking  and 
cleaning.  The  values  for  heavy  exertion  are  based  on  activities  such  as  walking  (>  4.0 
mi/hr),  bicycling,  basketball,  football,  walking  in  snow,  skiing,  and  heavy  industrial  work 
(e.g.,  mining).  From  data  presented  by  Altman  and  Dittmer  (1968),  a  value  of  Bmuh=  21 
was  found  for  ladder  climbing  at  a  90°  angle,  12  m/min,  with  a  50-lb  load.  Other  high 
values  included  walking  up  stairs  (BmuI,=  15.5),  ski  running  (Bmult=  18.7)  and  rowing  30 
strokes/min  (Bmult=  16.2).  These  activities  were  not  expected  to  be  performed  often  by 
the  majority  of  the  population  and  were  not  used  to  set  the  upper  limit  on  Bmult. 
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4. 1.8.5.  Summary  of  methods  to  model  variabilities  in  ventilation  rates 

The  methods  adopted  in  this  study  to  predict  variabilities  in  ventilation  rates  are 

summarized  in  Table  4-11.  To  examine  the  predictability  of  the  methodology,  Latin 

hypercube  sampling  techniques  (discussed  in  Chapter  3)  were  used  to  perform  1000  trials 

for  each  of  the  selected  population  groups.  Average  values  of  VE  computed  from  these 

trials  are  plotted  in  Fig.  4-10  for  (a)  males  and  (b)  females.  For  population  groups  at  rest, 

sitting,  light  exertion,  and  heavy  exertion,  the  sample  standard  deviations  (as  percentages 

of  the  mean  value)  ranged  from  15-20%,  18-22%,  29-32%,  and  25-28%,  respectively. 


Table  4-11    Summary  of  distributions  and  methods  used  to  predict  variabilities  in  VF. 
Relationship/Distribution3-1'  Units 


VE  =  C*BMR*Bmuh*Hoxy*VQ,    (Eqs.  4-19  and  4-20  combined)        1/min 

C        =  (1000  kJ/MJ)/(1440min/day)  =  0.694 

BMR  =  BMRreg(Wt)  +  E^;  MJ/day 

BMRreg(W)  is  regression  expression  in  Table  4-8; 
Wt  =  Ht2*BMI; 

Ht    ~  N(u,o)--u,o  from  Table  4-1. 
BMI  ~  LN(ugeo,  ogeo)--ugeo,ogeo  from  Table  4-2. 
Ebmr  ~  N(0,  a)-o  =  RSE,  from  Table  4-8;  linear 
regression  random  error  term. 

Bmu](  see  Table  4-10  for  distribution  (depends  on  none 

exertion  level). 

Hoxy~U(0.0476,  0.0529)  1  02/kJ 

VQ  -  LN(ugeo  =  26.5;  GSD  =  1 .  16)  1  air/min  (BTPS) 


per  1  OVmin  (STPD) 


a  "Reg"  denotes  that  the  value  depends  on  a  regression  function. 
b  The  letter  N  denotes  a  normal  distribution;  LN  denotes  a  lognormal  distribution;  U 
denotes  a  uniform  distribution.  Values  in  parentheses  indicate  distribution  parameters: 
N(mean,  standard  deviation),  U  (minimum,  maximum),  LN  (geometric  mean,  GSD). 
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Figure  4-10.  Predicted  average  values  for  VE  as  a  function  of  age.  (a)  For  males,  (b)  For 
females.  Each  data  point  is  based  on  1000  trials  using  Latin  hypercube  sampling 
techniques.  Standard  deviations  are  discussed  in  text. 
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Figure  4-10  indicates  an  increase  in  ventilation  rate  with  age  up  to  about  18  years 
of  age.  The  ventilation  rate  is  roughly  constant  from  an  age  of  about  18  to  55  years;  and  it 
decreases  slightly  with  age  for  older  population  groups.  Based  on  measurements,  several 
studies  have  reported  the  influence  of  age  on  V02  max  in  children  and  adults  (Mercier, 
1991;  Cooper  and  Weiler-Ravell,  1984;  Bruce,  1984;  Flandrois  et  al.,  1982).  The  trends 
demonstrated  in  Figure  4-10  for  average  VE  in  various  exertion  levels  are  consistent  with 
those  demonstrated  by  measured  values  of  V02  max. 

In  the  current  methodology,  changes  in  the  average  VE  versus  age  are  explained  by 
changes  in  the  average  basal  metabolic  rate,  which  increases  up  to  about  18  years  of  age 
and  decreases  for  older  persons.  The  abrupt  change  in  average  VE  for  females  between  15 
and  18  years  of  age  at  heavy  exertion  is  believed  to  be  an  artifact  of  the  methodology- 
arising  from  the  regression  expressions  used  to  predict  BMR  (in  Table  4-8).  These 
regression  equations  were  based  on  discrete  age  intervals;  discontinuities  exist  at  the  ages 
of  3,  10,  18,  30,  and  60  years,  where  expressions  change.  Efforts  were  implemented  to 
smooth  effects  of  discontinuities  at  these  ages  by  taking  the  average  of  the  BMR  predicted 
by  the  two  relevant  regression  equations.  The  smoothing  efforts  were  successful  for  all 
age  transitions  except  18  year  old  females. 

Figure  4-1 1  compares  the  predicted  average  VE  values  to  standard  values 
suggested  by  Roy  and  Courtay  (1991)  for  subjects  resting  and  sitting.  The  values 
generally  agree;  this  agreement  helps  justify  the  approach  adopted  in  the  present  work. 
Roy  and  Courtay  (1991)  derived  values  from  a  number  of  sources  (including  ICRP,  1975; 
Cotes,  1979;  Gaultier,  1978;  Gaultier  et  al.,  1981;  Godfrey  et  al.,  1971;  Godfrey,  1973; 
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Figure  4-11.  Comparison  of  ventilation  rates  at  rest  for  males  and  females.  The 
plot  shows  good  agreement  among  data  predicted  by  two  independent  methods. 


Cooper  and  Weiler-Ravell,  1984;  Flandrois  et  al.,  1982;  and  Zapletal  et  al.,  1987). 
Subsequently,  the  ICRP  (1994)  has  adopted  the  ventilation  values  suggested  by  Roy  and 
Courtay  as  the  recommended  reference  values  in  their  new  lung  model.  The  values 
determined  in  the  present  study  are  independent  of  those  references  cited  in  the  study  by 
Roy  and  Courtay. 


4.1.9.  Tidal  Volume 

The  method  described  above  for  computing  ventilation  rates  based  on  oxygen  and 
energy  consumption  requirements  does  not  include  the  tidal  volume.  (Traditionally  the 
ventilation  rate  has  been  estimated  as  the  product  of  the  tidal  volume  and  the  respiratory 
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frequency).  However,  the  tidal  volume  is  still  required  by  the  particle  deposition  model. 
The  tidal  volume,  VT,  is  defined  as  the  volume  of  air  inhaled  (or  exhaled)  during  a  breath, 
and  it  depends  on  the  physical  exertion  level  of  the  subject.  Tidal  volume  is  influenced  to 
some  degree  by  the  anatomical  dead  space;  the  tidal  volume  must  be  larger  than  the  dead 
space  for  inhaled  air  to  reach  the  gas  exchange  region  of  the  lungs.  In  the  deposition 
model,  tidal  volume  along  with  regional  dead  space  volumes  are  needed  to  determine  the 
fractions  of  inhaled  and  exhaled  air  that  reach  given  respiratory  regions.  These  volumetric 
fractions  multiply  into  the  regional  deposition  efficiencies  in  order  to  predict  total  regional 
deposition  fractions. 

At  rest  the  tidal  volume  normalized  per  unit  body  weight  is  relatively  constant 
throughout  the  human  population  and  is  on  the  order  of  about  10  ml/kg  (+/-  2)  for  ages  4- 
30  years  (Gaultier  et  al.,  1981).  As  ventilation  increases  from  the  resting  state,  tidal 
volume  increases.  Generally,  the  increase  in  tidal  volume  is  approximately  linear  with 
respect  to  the  increase  in  ventilation  rate  (Hey  et  al.,  1966).  However,  at  very  high 
ventilation  rates,  the  tidal  volume  eventually  reaches  a  plateau;  and  further  increases  in 
ventilation  are  effected  by  increases  in  respiratory  frequency. 

A  number  of  studies  have  examined  the  relationship  between  tidal  volume  and 
ventilation  rate  in  individuals  (Hey  et  al.,  1966;  Gilbert  et  al.,  1971;  Patrick  and  Howard, 
1972;  Paek  and  McCool,  1992).  Hey  et  al.  (1966)  examined  62  adult  subjects  and  found 
that  the  relationship  between  tidal  volume  and  ventilation  rate  could  be  expressed  well  by 
a  linear  model  of  the  form: 
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VB  =  M*(VT  -  K)  ,  (4-22) 

where  M  and  K  are  fitting  parameters.  The  slope,  M  (min'1),  was  found  by  Hey  et  al.  to 
exhibit  inter-subject  variability  but  was  relatively  constant  from  day  to  day  for  an 
individual.  The  constant  K  (liters)  was  found  to  differ  little  between  subjects  and  was 
suspected  to  be  related  to  anatomical  dead  space  or  other  physical  body  dimensions. 
Other  studies,  cited  below,  have  confirmed  this  model.  The  study  by  Hey  et  al.  also  found 
that  the  relationship  between  VE  and  VT  was  essentially  unaltered  by  moderate  muscular 
exercise,  posture,  metabolic  acidosis,  and  wide  variations  in  alveolar  gas  pressures 
(oxygen  and  carbon  dioxide  partial  pressures);  however,  the  relationship  was  affected  by 
changes  in  body  temperature. 

Hey  et  al.  presented  experimentally  derived  values  for  M  and  K  for  26  adult 
subjects  (23  men,  3  women);  analysis  of  these  data  resulted  in  average  values  of  M  =  28.4 
±  5.7  min"1  (mean ±  standard  deviation)  and  K  =  0.32 ±0.13  liters.  Gilbert  et  al.  (1971) 
examined  the  breathing  pattern  in  10  adults  and  found  a  similar  relationship  between  tidal 
volume  and  ventilation  rate  with  average  values  of  M  =  23.4  ±  7.8  and  K  =  0. 16  ±  0.24, 
respectively.  Patrick  and  Howard  (1972)  examined  the  influences  of  age,  gender,  and 
body  size  on  breathing  patterns  in  63  subjects  (28  young  men,  26  young  women,  and  9 
older  men).  They  obtained  the  average  values  of  M  =  24.9  ±  9.5  and  K  =  0.37  ±  0.41  for 
young  adult  males,  M  =  26. 1  ±  13.2  and  K=0.25  ±  0.26  for  young  adult  females,  and  M  = 
17.1  ±  0.48  and  K  =  0.48  ±  0.53  for  older  adults.  Average  values  for  M  and  K  for  adults 
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from  all  references  cited  above  are  comparable  for  all  but  the  older  adult  class  reported  by 
Patrick  and  Howard  (1972). 

Patrick  and  Howard  (1972)  concluded  that  the  relationship  between  VE  and  VT 
was  not  influenced  significantly  by  gender  differences;  however,  they  did  find  that  age  had 
a  significant  effect  on  the  value  of  M.  Within  an  age  range  of  19  to  5 1  years  they  found  a 
significant  negative  correlation  between  M  and  age  (p  <  0.05).  Assuming  a  linear  decline, 
the  following  (regression)  expression  was  presented  for  the  average  value  of  M  versus 
age: 

M(min  _1)  =  31 .8  -  0.33  *  Age  (years  )    .  (4-23) 

No  residual  standard  error  (RSE)  of  fit  or  R2  value  was  reported.  The  authors  also  found 
that  body  size  had  some  influence  on  the  relationship  of  VE  and  VT.  The  parameter  K  was 
found  to  be  correlated  with  height  and  was  described  by: 

K  (liters)  =  0.0114   *Ht(cm)  -  1.65  (4-24) 

where  Ht  is  the  body  height;  again  no  RSE  and  R2  values  were  given. 

The  studies  discussed  above  were  for  adult  subjects.  No  similar  studies  were 
found  relating  tidal  volume  and  ventilation  rate  for  children.  However,  data  collected  in  a 
study  by  Godfrey  et  al.  (1971)  provided  a  basis  for  evaluating  M  and  K  for  children. 
Godfrey  et  al.  examined  1 19  children  ages  6-15  years  at  rest  and  at  two  steady-state 
exercise  levels  in  an  investigation  of  the  breathing  patterns  of  children.  The  data  were 
analyzed  by  those  authors  in  a  number  of  ways;  however,  simple  attempts  to  relate 
ventilation  rate  and  tidal  volume  were  not  successful.  The  data  collected  for  that  study 
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were  obtained  from  the  Librarian  of  the  Royal  Society  of  Medicine  (London,  England)  and 

reanalyzed  in  the  present  study;  the  data  and  results  are  presented  in  Appendix  D.  The 

analyses  show  that  for  single  individuals  the  relationship  between  tidal  volume  and 

ventilation  rate  is  represented  well  by  the  model  given  in  Eq.  (4-22).  Additionally,  values 

for  M  and  K  were  found  to  be  correlated  with  age.  The  resulting  expressions  for  M  and 

K  as  functions  of  age  are  (based  on  n=71  subjects): 

M  (min  "')  =  1.48x10  2  *  exp (-7.32x10  ~2  *  Age  ),  R2  =  0.35  (4-25) 

and 

K  (liters  )  =  8.75x10  '2  *  Age  0487,  R2  =  0.10  (4-26) 

where  Age  is  in  years.  A  number  of  other  regressions  were  investigated  for  both  M  and  K 
(linear,  power,  and  exponential  models  on  both  age  and  height);  however,  the  above  best 
fitting  models  were  adopted  for  the  present  work. 

The  results  presented  above  for  adults  and  children. provide  a  basis  for  predicting 
an  average  tidal  volume  given  the  age,  height,  and  ventilation  rate.  However,  the 
variability  in  tidal  volume  must  also  be  quantified.  Based  on  data  presented  in  Appendix 
D,  an  examination  of  the  tidal  volumes  at  various  exertion  levels  for  children  grouped  in 
yearly  age  intervals  yielded  an  average  geometric  standard  deviation  (GSD)  of  about  1.27. 
Similar  values  were  found  by  Zapletal  et  al.  (1987),  who  examined  173  healthy  children 
(age  6-18  years)  at  rest  and  presented  a  power  function  relationship  between.  (1)  the 
resting  tidal  volume  and  height  (R2  =  0.42)  and  (2)  the  resting  tidal  volume  and  age  (R2  = 
0.32).  For  the  regression  on  height,  the  GSD  of  the  residuals  was  1.23;  for  the  regression 
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on  age,  it  was  1 .25.  Both  of  these  values  obtained  for  the  GSD  by  Zapletal  et  al.  generally 

agree  with  the  value  of  1 .27  derived  in  Appendix  D.  These  GSD  values  provide  a 

measure  of  the  residual  variability  in  the  tidal  volume  after  variabilities  attributable  to 

height  and/or  age  are  removed. 

For  adults,  Matheson  and  Gray  (1950)  reported  coefficient  of  variations  (standard 
deviation  divided  by  the  mean)  of  28.5%  and  25.9%  in  tidal  volume  for  100  young  adult 
males  for  data  collected  on  two  consecutive  days.  A  number  of  references  investigating 
tidal  volume  have  been  compiled  by  Altman  and  Dittmer  (1971,  e.g.,  pp.  54-60);  based  on 
data  presented  for  adults  in  that  reference,  coefficients  of  variation  ranged  from  14%  to 
28%  for  tidal  volume. 

Based  on  discussions  above  for  children  and  adults,  the  tidal  volume  (including 
variabilities  and  uncertainties)  was  sampled  for  trials  in  this  study  by  the  following  model: 


VT 


(   v  \ 

B       +  K 
M  OMrt 


*  Evr  (4-27) 


where  the  term  in  brackets  represents  the  average  tidal  volume  (a  function  of  the 
ventilation  rate,  age,  and  height)  and  is  based  on  Eqs.  4-22  through  4-26).  For  adults 
(Age  >  18  years),  Equations  4-23  and  4-24  are  used  for  M  and  K,  respectively.  For 
children,  Equations  4-25  and  4-26  are  used  for  M  and  K,  respectively.  The  subscripts  on 
M  and  K  serve  as  reminders  that  these  parameters  are  correlated  with  age  and  possibly 
height.  The  last  factor,  E^,  is  a  random  error  term  which  introduces  uncertainty  into  tidal 
volume  predictions  and  was  assigned  a  lognormal  distribution  with  geometric  mean  of  1.0 
and  GSD  =  1 .25  (based  on  the  discussion  in  the  preceding  two  paragraphs).  The  random 
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error  term  was  sampled  by  LHS  techniques  in  order  to  generate  variability  in  the  tidal 

volume.  Equation  4-27  accommodates  both  variability  and  correlations  of  tidal  volume 

with  ventilation  rate,  age,  and  height. 

As  discussed,  the  tidal  volume  reaches  a  plateau  value  at  high  ventilation  rates 

(e.g.,  heavy  exertion).  Based  on  recommendations  of  Hey  et  al.  (1966),  the  tidal  volume 

in  this  work  was  confined  to  a  maximum  value  given  by  one-half  of  the  vital  capacity,  VC. 

vT  *  -*vc  (4-28) 

This  upper  value  is  generally  reached  only  at  the  heavy  exertion  level.  As  a  lower  limit, 
the  tidal  volume  was  further  confined  to  a  minimum  value  of  40%  of  the  anatomical  dead 
space,  VD;  so  the  following  constraint  is  applied  in  sampling  tidal  volumes  in  this  study: 

—  >  0.4  (4-29) 

VD 

This  lower  limit  is  primarily  a  concern  only  at  the  resting  (sleeping)  activity  level  and  is 
based  on  data  reported  by  Altman  and  Dittmer  (1971,  pp.  65-66). 

Using  the  methods  described  above,  average  tidal  volumes  were  computed  at  the 
four  broad  exertion  levels  for  various  population  classes.  Figure  4-12  is  a  plot  of  the 
average  tidal  volume  as  a  function  of  age  and  is  based  on  a  (Latin  hypercube)  sample  size 
of  1000.  The  standard  deviations  (as  percentages  of  mean)  ranged  from  15-19%,  18-22%, 
29-32%,  and  25-28%  for  population  classes  at  rest,  sitting,  at  light  exertion,  and  at  heavy 
exertion,  respectively.  These  ranges  of  standard  deviations  for  subjects  resting  and  sitting 
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Figure  4-12.  Tidal  volume  at  various  physical  exertion  levels  for  (a)  males  and  (b)  females 
at  different  ages.  Based  on  1000  realizations  using  a  Latin  hypercube  sampling 
techniques. 


168 
agree  with  values  reported  by  authors  above  (e.g.,  Matheson  and  Gray,  1950;  Altman  and 

Dittmer,  1971).  The  decrease  in  tidal  volume  seen  in  Fig.  4-12  for  ages  greater  than  about 
30-50  years  is  due  in  part  to  the  decrease  in  ventilation  rate  (ages  greater  than  about  50 
years)  and  in  part  to  the  decrease  in  vital  capacity  (which  poses  a  limit  on  tidal  volume 
during  the  heavy  exertion). 

As  some  verification  of  the  methodology,  the  average  tidal  volumes  plotted  in 
Figure  4-12  for  heavy  exertion  are  less  than  (average)  values  reported  for  maximal  tidal 
volume,  VTnuix,  by  Altman  and  Dittmer  (1971,  pp.  82-83)  for  males  and  females.  For 
example,  the  average  VTmax  for  20-25  year-old  females  is  around  2100  ml;  for  20-33  year- 
old  males  the  average  VTmax  is  around  3000  ml.  For  heavy  exertion,  Figure  4-12  indicates 
average  tidal  volumes  of  about  1700  ml  for  females  and  2400  ml  for  males.  These  values 
are  about  80%  of  the  maximal  values  reported  by  Altman  and  Dittmer. 

As  additional  verification  of  the  methodology,  Figure  4-13  shows  a  comparison  of 
the  average  resting  values  predicted  by  methods  in  this  study  and  those  estimated  by 
others.  The  values  reported  by  Roy  and  Courtay  (1991)  are  based  on  compilations  from 
many  references.  The  values  associated  with  Zapletal  et  al.  (1987)  and  Taussig  et  al. 
(1977)  are  based  on  regression  equations  derived  from  measured  values  of  tidal  volume  at 
rest.  Subsequently,  the  ICRP  (1994)  has  adopted  the  values  recommended  by  Roy  and 
Courtay  as  reference  values  for  use  in  its  lung  dosimetry  model.  The  data  presented  in 
Figure  4-13  provide  support  for  the  methods  adopted  to  model  VT  in  the  present  study. 
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Figure  4-13.  Comparison  of  average  resting  tidal  volumes  in  present  study  with  other 
references  including  Roy  and  Courtay  (1991)  which  is  the  basis  for  ICRP  reference  values 
(ICRP  1994). 


4.1.10.  Fraction  of  Air  Breathed  Through  the  Nose 

Air  is  inhaled  through  the  nose,  the  mouth,  or  a  combination  of  the  two. 
Characterization  of  the  breathing  mode  is  an  important  aspect  of  particle  deposition 
modeling.  For  example,  Miller  et  al.  (1988)  showed  that  the  thoracic  deposition  fraction 
was  potentially  larger  for  habitual  mouth  breathers  compared  to  those  breathing  primarily 
through  the  nose.  In  the  deposition  aspect  of  the  ICRP  respiratory  tract  model  (ICRP 
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1994),  the  fraction  of  air  inhaled  via  the  nose,  Fn,  is  needed  to  account  for  different 

filtration  efficiencies  of  mouth  versus  nose  breathing.  According  to  the  ICRP  deposition 
model,  nose  breathing  involves  a  series  of  nine  filtration  regions  while  mouth  breathing 
only  involves  seven  (i.e.,  region  ET,,  the  anterior  nasal  region  is  not  present  during  mouth 
breathing). 

Past  studies  indicate  that  more  than  80%  of  normal  adult  subjects  breathe 
exclusively  through  the  nose  while  at  rest  (Uddstromer  1940;  Camner  and  Bakke  1980; 
Niinimaa  et  al.  1981;  Rodenstein  and  Stanescu  1984).  This  pattern  of  breathing  generally 
persists  until  moderate  to  heavy  exertion  levels  are  reached;  at  these  levels  nasal  breathing 
becomes  augmented  by  mouth  breathing  (Niinimaa  et  al.  1981;  Chadha  et  al.  1987). 
Persons  following  this  breathing  mode  are  classified  as  normal  augmenters.  Other  persons 
are  classified  as  mouth  breathers  and  represent  those  persons  who  habitually  augment 
nasal  breathing  with  oral  breathing  at  all  levels  of  physical  exertion,  including  rest.  It  is 
important  to  note  that  these  classifications  represent  healthy  persons.  Various  respiratory 
problems  can  cause  a  normal  augmenter  to  become  a  mouth  breather  (temporarily  or 
chronically).  The  switching  point  from  nasal  to  oronasal  breathing  in  normal  augmenters 
has  been  shown  to  occur  at  a  total  ventilation  of  about  35-40  1/min  in  adult  subjects 
(Chadha  et  al.,  1987;  Niinimaa  et  al.,  1981;  Saibene  et  al.,  1978). 

Several  investigations  have  resulted  in  useful  information  regarding  breathing 
mode  in  adults;  however,  few  studies  exist  for  children.  Warren  et  al.  (1990)  examined 
120  normal  children  (6  to  15  years  of  age)  at  rest.  The  authors  found  that  the  mean 
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percentage  of  nasal  breathing  by  age  increased  approximately  linearly  from  about  50%  at  6 
years  of  age  to  about  90%  at  14  years. 

For  five  adult  subjects,  Wheatley  et  al.  (1991)  showed  the  nasal  flow  fraction  did 
not  change  significantly  from  inspiration  to  exhalation  within  individuals.  The  authors  also 
demonstrated  that  intrasubject  variability  in  the  nasal  fraction  was  very  small  compared  to 
intersubject  variability.  Niinimaa  et  al.  (1981)  studied  the  breathing  mode  in  30  adults  at 
rest  and  at  exercise.  For  normal  augmenters,  Niinimaa  et  al.  found  that  all  subjects 
breathed  through  the  nose  exclusively  up  to  a  switching  point  of  35  ±  10.8  1/min.  After 
the  switching  point,  the  subjects  breathed  about  60%  of  the  air  nasally.  At  the  highest 
ventilation  rates  achieved  (-90  1/min)  subjects  breathed  about  40%  nasally.  Mouth 
breathers  consistently  breathed  less  air  nasally  as  the  exertion  level  (and  total  ventilation 
rate)  increased.  Niinimaa  et  al.  summarized  the  results  of  their  work  by  the  following 
equations  for  normal  augmenters  (NA)  and  mouth  breathers  (MB): 


V^A)  = 


Vb  (VE  <  V^J 

(4-30) 
0.29VE  +  9.9     (VE  *  V^)  (RSE  =6.31) 


VJMB)  =  0.26VE  +  4.6        (RSE  =5.79)  (4-31) 

where  V^  represents  the  nasal  component  of  the  ventilation  rate  (l/min);  V,^^  is  the 
switching  point  ventilation  at  which  normal  augmenters  change  from  total  nasal  to 
oronasal  breathing;  and  RSE  (1/min)  denotes  the  residual  standard  error  (of  the  estimate) 
for  the  regression  equation. 
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The  ICRP  (1994)  has  suggested  reference  values  for  Fn  at  various  exertion  levels 
based  on  a  paper  by  Miller  et  al.  (1988),  who  subsequently  derived  values  from  Niinimaa 
et  al.  (1981).  These  data  are  repeated  in  Table  4-12.  The  ICRP  approach  requires  that 
nasal  augmenters  and  mouth  breathers  be  treated  separately.  However,  in  the  present 
study  the  desire  is  to  predict  results  for  whole  population  classes—accounting  for  both 
breathing  modes  in  the  output  dose  distribution. 


Table  4-12.  Fraction  of  ventilatory  airflow  passing  through  the 
nose  in  normal  augmenters  and  in  mouth  breathers. 


Fn 

Level  of  Exertion 

Normal  Augmenters 

Mouth  Breathers 

Sleep 

1.0 

0.7 

Sitting  (awake) 

1.0 

0.7 

Light  exercise 

1.0 

0.4 

Heavy  exercise 

0.5 

0.3 

Source:  ICRP  Publication  66  (ICRP  1994)-based  on  Miller  et  al.  (1988). 

The  desire  in  the  present  study  was  to  account  for  the  variabilities  and 
uncertainties  in  model  parameters  for  all  ages.  Based  on  the  information  presented  above, 
the  following  approach  was  adopted.  First,  the  fraction  of  the  population  that  can  be 
classified  as  normal  augmenters  (NA)  versus  mouth  breathers  (MB)  was  estimated.  For 
adults,  the  assumption  (based  on  measurements  by  Uddstromer  1940;  Camner  and  Bakke 
1980;  Niinimaa  et  al.  1981;  Rodenstein  and  Stanescu  1984)  was  that  90%  of  the 
population  comprises  NA  and  10%  comprises  MB.  For  children,  a  simple  straight  line  fit 
(graphically)  through  Fig.  6  of  Warren  et  al.  (1990)  predicts  the  fraction  of  NA  by  age. 
Based  on  that  figure,  about  50%  of  the  six-year-old  population  and  90%  of  the  fourteen- 
year-old  population  are  NA.  Using  this  information,  the  following  expression  was  derived 
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to  predict  the  fraction  of  the  population  at  a  given  age  (in  years)  that  can  be  classified  as 

normal  augmenters,  NA: 

"a™  =  {^  * 2o%  asms     *  <«*> 

so  that  MB(%)  =  1  -  NA(%). 

Given  that  a  subject  is  either  a  normal  augmenter  or  a  mouth  breather,  Fn  can  be 
predicted  by  dividing  Eqs.  4-30  and  4-31  by  the  total  ventilation  rate,  VE,  to  yield: 

Fn(NA)  =  \  (4-33) 

0.29   +(9.9^^^    (y^*VmlJ 

Fn(MB)  =  0.26    +  (4.6  +  E^/V^  (4-34) 

where  E^,,,  and  EMVn  represent  random  error  terms  introduced  into  the  expressions  to 
account  for  uncertainties  and  variabilities  in  Fn;  and  V^  is  used  as  the  ventilation  rate  to 
stress  the  fact  that  these  expressions  are  based  on  ventilation  data  from  adult  subjects. 
The  random  error  terms  were  assigned  the  following  distributions  based  on  the  RSE 
values  reported  in  Eqs.  4-30  and  4-3 1 :  E^,,  ~N(0,  6.3)  and  E^,,  ~  N(0,  5.8)  where  N 
denotes  a  normal  distribution  with  specified  mean  and  standard  deviation,  respectively,  in 
parentheses.  The  value  for  V^,,  was  taken  to  be  35  1/min  (average  value  reported  by 
Niinimaa  et  al.,  1981).  An  adult-equivalent  ventilation  rate,  V^,  must  be  determined  to 
use  the  above  expressions  for  children.  To  determine  an  adult  equivalent  ventilation, 
ventilation  rates  were  scaled  based  on  the  basal  metabolic  rate  of  a  reference  adult  to  that 
sampled  for  the  trial  in  question.  Using  the  expression  in  Table  4-8  for  a  25  year  old  male, 
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the  standard  basal  metabolic  rate  for  an  adult  is  estimated  as  7.3  MJ/day.  Therefore,  V^  is 
given  by: 

..         .,  .       .  .  .        BMR  (adult)         ...        ...         7.3  MJ/day  tA  ,c, 

Vb.  =  V  ..(sampled  )  * - —  =  V  ..(sampled  )  * —      (4-35) 

BMR  (sampled  )  B  BMR  (sampled  ) 

Implementation  of  this  approach  involves:  (1)  determining  whether  the  subject 
sampled  in  the  trial  is  a  nose  breather  or  a  mouth  breather  based  on  a  binomial  distribution 
(with  probability  of  being  a  nose  breather  predicted  by  equation  Eq.  4-32),  (2)  computing 
the  BMR  and  VE  for  the  trial  based  on  techniques  presented  in  previous  sections,  (3) 
computing  Vg,  for  the  trial  from  Eq.  4-35,  and  finally  (4)  computing  Fn  from  either 
Equation  4-33  or  4-34.  A  number  of  assumptions  are  implicit  in  this  approach.  The 
population  of  persons  older  than  14  years  is  assumed  to  be  composed  of  90%  nose 
breathers.  The  trend  estimated  by  Niinimaa  et  al.  (1981)  for  adults  is  assumed  to  apply  to 
children  (all  ages)  by  simple  adjustment  of  the  ventilation  rates  to  an  adult  equivalent. 
And  although  no  data  were  found  for  ages  less  than  6  years,  extrapolation  of  available 
data  to  the  lower  age  limit  of  this  study,  i.e.,  2  years,  is  assumed  appropriate. 

4.1.11.  Uncertainty  in  Particle  Inhalability 

Inhalability  of  aerosol  particles  is  defined  as  the  efficiency  with  which  particles 
enter  the  human  nasal  or  oral  airways.  The  inhalability  determines  the  fraction  of  particles 
of  a  given  size  which  enter  the  airways  and  therefore  influences  deposition  of  particles  in 
airways.  Previous  experiments  using  mannequins  have  showed  that  inhalability  depends 
on  particle  size,  wind  speed,  ventilation  rate,  and  head  orientation  with  respect  to  wind 
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direction  (Ogden  and  Birkett  1977;  Armbruster  and  Breuer  1982;  Vincent  and  Mark  1982; 

and  Vincent  et  al.,  1990).  These  experiments  were  performed  using  adult  dimensions.  A 

recent  paper  by  Chung  et  al.  (1993)  presented  results  of  a  numerical  model  predicting 

inhalability  in  children  and  adults.  The  results,  although  limited,  showed  that  children 

inhale  larger  fractions  of  particles  of  a  given  aerodynamic  diameter  than  adults.  No 

reasons  were  given  for  the  increase.  The  scope  of  that  latter  study  was  very  limited  (e.g., 

the  torso  was  not  included  in  the  model)  and  only  a  couple  of  scenarios  were  examined. 

By  averaging  results  from  the  first  three  studies  cited  above  over  all  orientations 

and  wind  speeds,  the  American  Conference  of  Governmental  Industrial  Hygienists 

(ACGIH,  1985)  recommended  the  following  empirical  expression  as  a  standard  for 

instruments  designed  to  sample  the  inhalable  fraction,  I,  of  airborne  particulates: 

I  =  0.5  *  [1    +  exp  (-0.06  *  dj]  (4-36) 

where  d^  represents  the  particle  aerodynamic  diameter  (discussed  in  section  2.5)  and  the 
expression  covers  diameters  less  than  or  equal  to  100  microns.  Vincent  et  al.  (1990) 
recently  collected  additional  data  characterizing  the  effects  of  wind  speed  on  inhalability 
for  speeds  up  to  9  m/s.  A  correction  to  the  ACGIH  expression  was  proposed  for  wind 
speeds,  U,  greater  than  4  m/s  but  less  than  10  m/s  (i.e.,  ~9  to  22  miles/hr)  resulting  in 

I  =  0.5  *  [1    +  exp  (-0.06  *dj]   +  10-5*U175*  exp  (0.055  *  d J    .      (4-37) 

This  equation  accounts  for  about  60%  of  the  variance  in  the  observed  values  of 
inhalability.  For  wind  speeds  less  than  4  m/s,  Vincent  et  al.  stated  that  the  ACGIH 
expression  is  adequate.  James  et  al.  (1994b)  further  refined  the  expression  to  increase  the 
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accuracy  (with  respect  to  the  experimental  data)  for  d^  less  than  10  urn.  The  resulting 

expression,  which  was  adopted  by  the  ICRP  (1994),  is: 

1  =  1   -  0.5  *  (1 -[T^xlO^d^  +  l]"1}  +  10 "5*U17S*  exp  (0.055  dj   .        (4-38) 

This  equation  is  plotted  in  Figure  2-5  of  Chapter  2  for  some  wind  speeds. 

Regarding  the  uncertainty  in  inhalability,  Vincent  et  al.  (1990)  suggested  that 
"inhalability  may  vary  from  this  curve  by  up  to  ±  0. 1  for  each  value  of  dK."  Examination 
of  data  plotted  in  Figure  5  of  Vincent  et  al.  (1990)  supports  this  statement.  Therefore,  to 
account  for  uncertainty  in  the  inhalability,  a  random  error  term,  E^,,  was  added  to 
Equation  4-38  and  was  assumed  to  follow  a  normal  distribution  with  a  mean  value  of  zero 
and  a  standard  deviation  of  0. 10.  No  studies  were  located  which  measured  inhalability  for 
particles  with  d^  less  than  about  5  urn.  Presumably  as  the  aerodynamic  diameter 
decreases  below  about  1  urn,  the  inhalability  increases  to  unity  and  the  uncertainty 
decreases  to  zero  (i.e.,  all  particles  are  able  to  follow  the  flow  lines  since  the  inertial 
mechanisms,  primarily  responsible  for  variations  in  inhalability,  become  negligible).  In  this 
study,  for  particles  with  d^  <  0.5  urn  the  inhalability  was  assumed  to  be  unity  with  no 
error  term.  Because  experimental  data  are  lacking  for  children,  the  approach  described  in 
this  section  was  applied  to  all  ages. 

4.1.12.  Regional  Deposition  Efficiency  Uncertainty 

As  discussed  in  Chapter  2,  the  particle  deposition  aspect  of  the  ICRP  respiratory 
tract  dosimetry  model  uses  simplified  mathematical  expressions  to  predict  both 
aerodynamic  and  thermodynamic  deposition  efficiencies  for  the  five  broad  deposition 
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regions  of  the  respiratory  tract.  For  extrathoracic  regions  these  mathematical  expressions 
are  based  on  regression  analyses  of  experimental  data.  For  thoracic  regions  the 
expressions  are  based  on  nonlinear  curve  fitting  of  primarily  theoretical  data  predicted  by 
an  underlying,  more  sophisticated  model.  The  ICRP  (1994)  has  provided  guidance  to 
account  for  variabilities  in  deposition  efficiencies  that  are  not  explained  by  the  regression 
equations.  In  other  words,  the  ICRP  has  recommended  methods  to  account  for 
uncertainty  in  the  mathematical  structure  of  the  deposition  model.  These  methods  are 
incorporated  in  the  current  study  as  explained  in  following  paragraphs. 

Based  on  experimental  data  from  large  groups  of  subjects  [primarily  studies  by 
Lippmann  (1977)  and  Chan  and  Lippmann  (1980)],  Rudolf  et  al.  (1994)  estimated  the 
upper  and  lower  95%  confidence  bounds  for  equations  very  similar  to  those  presented  in 
Tables  2-1  and  2-2  to  predict  aerodynamic  deposition  efficiencies  in  single  subjects. 
Because  experimental  data  on  deposition  are  scarce  for  submicron-sized  particles,  the 
ICRP  (1994)  proposed  comparable  values  to  obtain  the  95%  confidence  bounds  for 
thermodynamic  deposition  efficiencies.  The  confidence  bounds  are  determined  through 
the  use  of  dimensionless  scaling  constants,  c,  (for  region  /'),  that  act  on  parameters  ax  in 
deposition  model  equations  (i.e.,  Tables  2-1  and  2-2).  The  lower  and  upper  95%  bounds 
for  deposition  efficiencies  are  estimated  as  ^  +  c;2  and  a;  *  c(2.  The  ICRP  has 
recommended  (ICRP  1994,  pp.  48-49)  the  values  in  Table  4-13  for  use  as  the  scaling 
constants,  c,.  In  regard  to  using  these  scaling  constants  to  account  for  model 
uncertainties,  James  et  al.  (1994b)  state  the  following: 
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To  estimate  the  overall  probability  distribution  of  regional  lung  (and  extrathoracic) 
deposition,  it  would  be  reasonable  to  assume  that  the  deposition  efficiencies  in 
each  region  are  not  correlated,  and  that  these  are  sampled  at  random 
from...  distributions  centered  on  the  predictions  of  the  recommended  algebraic 
model.  (James  et  al.,  1994b,  p.  281) 

Based  on  this  statement,  uncertainties  in  aerodynamic  and  thermodynamic  regional 

deposition  efficiencies  were  accounted  for  by  multiplying  ax  (in  Tables  2-1  and  2-2)  by 

random  variables  C^i)  and  Cth(i)  which  were  all  assigned  lognormal  distributions  with 

geometric  means  of  one  and  geometric  standard  deviations  (GSD)  given  by  (c^m.  Values 

for  q  (i.e.,  GSD2)  are  listed  in  Table  4-13  for  aerodynamic  and  thermodynamic 

efficiencies.  In  this  approach,  the  error  term,  sampled  for  a  specific  trial  and  for  a  specific 

deposition  region,  was  assumed  to  be  appropriate  for  both  inhalation  and  exhalation 

deposition  efficiencies  in  that  region.  As  stated  above  by  James  et  al.,  all  random  variables 

were  assumed  to  be  statistically  independent  and  were  sampled  independently  from  their 

respective  probability  distributions. 


Table  4-13.  Dimensionless  scaling  constants  used  to  account  for  uncertainties  in 
aerodynamic  and  thermodynamic  deposition  efficiencies. 


Region 

Aerodvnamic  Efficiency" 

Random         Scaling  Constant, 
Variable               c,  (GSD2) 

Thermodynamic  Efficiencyb 

Random           Scaling  Constant, 
Variable                c;    (GSD2) 

ET,C 

ET2 

BB 

bb 

AI 

CJET.) 
CJETJ 
CJBB) 
C„(bb) 

CJM) 

3.3 
3.3 
2.5 
2.5 
1.7 

CoXETJ                      1.4 
C,h(ET2)                      1.4 
C^BB)                        1.5 
Cu,(bb)                         1.5 
CJM)                         1.5 

Source:  Adapted  from  Table  14  in  ICRP  Publication  66  (ICRP  1994,  p.  49). 

Notes:  See  Tables  2-1  and  2-2  for  model  equations;  GSD  =  geometric  standard  deviation. 

"  Aerodynamic  scaling  constants  are  based  on  a  study  by  Rudolf  et  al.  (1994). 

b  Thermodynamic  scaling  constants  are  based  on  (ICRP  1994). 

c  Region  ET,  is  for  nasal  pathway  only. 
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4.2.  Clearance  Model  Parameters 

4.2.1.  Introduction 

Uncertainties  in  parameters  required  for  modeling  the  clearance  of  materials 
deposited  in  the  respiratory  tract  are  examined  in  this  section.  The  clearance  model  has 
been  discussed  in  Chapter  2.  More  than  twenty  input  parameters  are  required  by  the 
clearance  model;  however,  depending  on  the  physico-chemical  properties  of  the  deposited 
material  and  the  elapsed  time  since  deposition,  some  parameters  are  more  important  than 
others. 

Bailey  and  Roy  (1994)  recently  reviewed  past  studies  and  available  information  on 

the  mechanical  aspects  of  particle  clearance  in  the  respiratory  tract.  The  purpose  of  their 

work  was  to  recommend  (best  estimate)  reference  values  for  parameters  used  in  the 

revised  ICRP  (1994)  clearance  model.  In  making  recommendations,  Bailey  and  Roy 

provided  details  on  the  uncertainties  for  many  of  the  parameters.  Consequently,  their 

work  is  the  basis  for  much  of  the  information  presented  in  this  section.  The  approach  was 

to  adopt  the  parameter  uncertainties  suggested  by  Bailey  and  Roy  (1994)  as  a  form  of 

expert  opinion.  With  regard  to  the  suggested  uncertainties  in  clearance  model  parameters, 

Bailey  and  Roy  made  the  following  statement: 

In  general,  reference  values  are  based  on  indirect  information  and  therefore  involve 
a  considerable  element  of  judgement.  Some  rates  are  based  entirely  on  data  from 
animal  studies,  and  extrapolating  results  to  humans  involves  a  possible  systematic 
error  which  could  be  large... Thus  the  combination  of  a  high  degree  of  intersubject 
variation  and  possible  systematic  errors  means  that  uncertainties  in  reference 
values  are  large  and  difficult  to  quantify.  It  is  therefore  assumed  that  the 
uncertainty  in  the  reference  value  is  log-normally  distributed,  and  thus  that  there  is 
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a  95%  probability  that  the  true  mean  value  lies  within  a  factor  of  Ou  of  the  chosen 
reference  value  (Bailey  and  Roy,  1994,  p.  306). 


As  discussed  in  Chapter  1,  one  purpose  of  this  study  was  to  examine  uncertainties 
in  respiratory  tract  doses  from  inhaled  plutonium  oxides.  Many  of  the  clearance  model 
parameters  depend  on  the  physico-chemical  form  of  the  material;  therefore,  some  of  the 
parameter  distributions  presented  in  this  section  are  based  on  clearance  of  plutonium 
oxides  only.  These  distributions  must  be  revised  for  other  materials.  The  affected 
parameters  are  only  those  four  associated  with  the  absorption  component  of  the  model 
(discussed  in  section  4.2.4). 

For  all  materials,  mechanical  clearance  (to  gastrointestinal  tract  and  lymph  nodes) 
and  absorption  (to  blood  and  to  bound  state  compartments  within  lung  tissues)  compete  to 
remove  material  from  the  respiratory  tract.  For  radioactive  material,  decay  must  also  be 
considered  as  a  removal  mechanism;  however,  for  some  long-lived  radionuclides,  removal 
by  decay  is  negligible  (such  is  the  case  for  Pu-239).  Depending  on  the  nature  of  the 
material,  a  single  mechanism  might  dominate;  however,  generally  all  mechanisms  must  be 
considered. 

4.2.2.  Partition  of  Deposition  in  Clearance  Model  Compartments 

The  deposition  model  predicts  the  amount  of  material  (or  activity)  that  deposits  in 
the  broad  respiratory  tract  regions:  ET1;  ET2,  BB,  bb,  and  AI.  Material  deposited  in  a 
specific  region  is  then  divided  among  the  appropriate  initial-state  clearance  compartments 
within  that  region.  The  fraction  of  the  regional  deposition  that  is  assigned  to  compartment 
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/  is  denoted  here  by  fd(i).  For  example,  the  fraction  of  the  deposit  that  is  assigned  to 

compartment  BB,  is  ^(BB,)  and  represents  the  ratio  of  material  deposited  in  compartment 
BBj  to  the  total  deposition  in  the  BB  region.  Distributions  and  relationships  adopted  to 
quantify  uncertainties  in  fd(/')  for  relevant  compartments  are  listed  in  Table  4-14.  Unless 
additional  details  are  given  below,  these  distributions  are  based  directly  on 
recommendations  of  Bailey  and  Roy  (1994).  Compartments  not  listed  in  the  table  receive 
no  initial  deposition  in  the  model.  Since  these  quantities  represent  fractions  of  deposited 
material,  sampled  values  cannot  be  greater  than  one  or  less  than  zero.  Furthermore,  the 
deposition  fractions  within  a  region  (e.g.,  BB)  must  sum  to  unity.  Methods  were 
implemented  in  sampling  algorithms  to  truncate  distributions  so  that  values  are  within  the 
allowable  range.  For  example,  valid  values  of  fd(AI,)  must  be  between  0  and  1;  and 
fd(AIi)+rd(Al2)+rd(AI3) =  1    Some  of  the  values  of  fd  are  based  primarily  on  animal  data; 
for  these  values,  Bailey  and  Roy  (1994)  suggested  an  uncertainty  factor  of  $u  =  3.  This 
factor  corresponds  to  the  number  by  which  the  reference  value  must  be  multiplied  (or 
divided)  to  obtain  upper  (or  lower)  95%  confidence  limits  (for  the  true  mean  value) 
assuming  a  lognormal  distribution  (i.e.,  $u  ~  GSD2). 

4.2.2. 1 .  The  slow-clearing  thoracic  deposition  fraction 

The  term  fs  in  Table  4-14  represents  the  slow-clearing  fraction  of  material  from  the 
tracheobronchial  region  (regions  BB  +  bb).  A  slow-clearing  thoracic  component  was 
introduced  into  the  ICRP  66  clearance  model  (ICRP  1994)  by  designers  as  a  result  of 
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Table  4-14.  Distributions  and  relationships  describing  partition  of  deposited  material  into 
compartments  of  the  ICRP  clearance  model. 

Distribution  or  Relationship 
Adopted  in  this  Study 
fd(ET2)  =  1  -  ^(ET^) 
fdCET^)  ~  LN(0.0005,  1.73)c 

fd(BB,)  =  1  -  f,  -  ^(BB^) 
fa(BB2)  =  f, 
fdCBB^-LNCO.OOT,  1.73)c 

fd(bb.)  =  1  -  f,  -  f.Cbb^) 

fd(bb2)  =  f, 

f/bb^,)  ~LN  (0.007,  1.73)' 


Parameter 

Clearance 

Reference 

Compartment 

Values 

fdOET,) 

ET2 

0.9995 

fdCET^) 

ET.., 

0.0005a 

fdCBB,) 

BB, 

0.993-f, 

fd(BB2) 

BB2 

$ 

fdCBB^) 

BB^ 

0.007* 

fd(bb,) 

bb, 

0.993-f, 

fd(bb2) 

bb2 

f, 

fdCbb^) 

bb^ 

0.007" 

(slow-clearing     See  Eq.  4-39  and 
TB  fraction)        discussion  in 
section  4.2.2.1. 


t >£ 


>,averagc 


+  E(Qb 


-uw*  given  by  Eq.  4-41  in 
text.     E(f,)~N(0, 0.1) 


fd(AI1) 
fd(AI2) 
fd(AI3) 


AI, 
AI2 
AL 


0.3 
0.6 
0.1 


fd(AI,)  ~  LN(0.3,  1.1 0)d 
fd(AI2)=l-fd(AI1)-fd(AI3) 
0.1  (discussed,  section  4.2.2.2) 


Source:  Reference  values,  distributions,  and  relationships  are  based  on  Bailey  and  Roy 

(1994)  unless  otherwise  indicated  by  note  (b). 

Notes: 

~N(x,y)  signifies  that  quantity  is  assigned  a  normal  distribution  with  mean  value  of  x  and 

standard  deviation  of  y. 

~LN(w,z)  signifies  that  quantity  is  assigned  a  lognormal  distribution  with  geometric  mean 

of  w  and  geometric  standard  deviation  of  z.  The  95%  confidence  interval  for  a  lognormal 

distribution  is  approximately  (w-^z2,  w*z2). 

'Indicates  that  reference  value  is  based  only  on  animal  data. 

bSignifies  that  modifications  were  made  with  respect  to  original  recommendations  of 

Bailey  and  Roy  (1994).  Modifications  are  discussed  in  text. 
cBased  on  a  proposed  uncertainty  factor  of  z2  =  3  for  the  95%  confidence  interval. 
dBased  on  a  proposed  uncertainty  factor  of  z2  =  2  for  the  95%  confidence  interval. 
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inhalation  experiments  by  Stahlhofen  (1989,  1991),  Stahlhofen  et  al.  (1986a,  1986b, 
1987a,  1987b,  1990,  1994),  Scheuch  (1991),  and  Scheuch  et  al.  (1993).  Based  on  data 
presented  in  Table  E.  1 1  of  Bailey  and  Roy  (1994),  the  following  relationship  was 
suggested  by  those  authors  for  f,  as  a  function  of  the  particle  equivalent- volume  diameter, 
de  (i.e.,  the  diameter  of  a  sphere  with  the  same  volume  as  the  particle): 


f   =  \ 


0.5  (de  *  2.5  fim) 

(4-39) 

-    .      -0O(d.  "  2.5)       ....  . 

0.5e         '  (de  >  2.5nm) 


where  the  de  is  related  to  d«  (defined  in  section  2.5)  by 


de  =  d^ 


\ 


-*-  (4-40) 

P 


and  x  is  the  particle  dynamic  shape  factor  (Hinds,  1982)  and  p  is  the  mass  density  of  the 
particle  (g/cm3).  This  expression  was  subsequently  adopted  by  the  ICRP  (1994)  for  use  in 
the  revised  lung  model. 

Bailey  and  Roy  (1994)  provided  no  suggestions  to  accommodate  uncertainties  in 
Equation  4-39.  Furthermore,  it  is  not  clear  from  their  text  which  data  (in  Table  E-l  1  of 
Bailey  and  Roy,  1994)  were  used  to  obtain  Equation  4-39.  An  independent  analysis  of  the 
data  (listed  in  Table  E-l  1  of  Bailey  and  Roy)  was  conducted  in  the  present  study  using  a 
similar  model  form.  To  minimize  complications  in  interpreting  data,  only  data  associated 
with  a  bolus  front  depth  of  VBF  <  80  ml  were  used.  The  bolus  front  depth,  VBF, 
corresponds  to  the  volume  of  air  that  passes  the  larynx  from  the  time  the  leading  edge 
passes  it  to  the  end  of  inspiration.  As  discussed  previously,  the  anatomical  dead  space  in 
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adults  is  about  150  ml.  Assuming  a  value  of  about  50  ml  for  the  extrathoracic  airways 
during  mouth  breathing  (mouth,  oropharynx,  and  larynx),  the  tracheobronchial  airways 
represent  about  100  ml  of  this  volume.  By  selecting  only  data  with  VBF  <  80  ml,  the  bolus 
material  is  expected  to  deposit  primarily  in  the  tracheobronchial  airways  (BB  +  bb).  This 
cutoff  point  is  in  accordance  with  Scheuch  and  Stahlhofen  (1988),  who  found  that  for  a 
bolus  with  VBF  <  80  ml,  most  of  the  material  deposited  in  airways  with  effective  diameters 
greater  than  2  mm  (i.e.,  little  reached  the  alveolar  region—where  effective  diameters  are 
generally  less  than  1  mm).  Data  meeting  this  condition  (n  =  41)  are  plotted  in  Figure  4-14. 
Using  the  same  model  form  as  Bailey  and  Roy  with  these  data,  the  following  expression 
was  obtained  in  the  present  study: 


f   =  S 


0.58  (de  <;  2.5  pm) 

(4-41) 


where  f,  is  set  equal  to  the  average  value  of  the  data  in  Figure  4-14  associated  with  de  < 
2.5  urn.  For  data  associated  with  de  >  2.5  urn,  the  factor  -0.76  in  the  expression  was 
obtained  by  forcing  fs  =  0.25  at  de  =  3.6  urn  (similar  to  approach  used  by  Bailey  and  Roy). 
Figure  4-14  also  plots  Equations  4-39  and  4-41.  As  demonstrated  in  Fig.  4-14,  the 
modified  model  predicts  the  (sample)  average  values  of  fs  slightly  better  for  particles  with 
de  <  2.5  urn;  however,  uncertainties  in  fs  are  still  quite  large. 

To  examine  uncertainties  in  Eq.  4-41,  the  residuals  (i.e.,  difference  of  measured 
and  predicted  values  for  Q  were  examined.  The  normal  probability  plot  of  the  residuals  is 
shown  in  Figure  4-15.  Since  the  plotted  data  are  approximated  well  by  a  straight  line, 
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Figure  4-14.  Plot  of  the  slow-clearing  fraction  of  material  deposited  in  the 
tracheobronchial  region  (BB  +  bb)  as  a  function  of  the  volume-equivalent  particle 
diameter.  Based  on  data  (with  VBF  <  80  ml)  compiled  in  Table  E-l  1  of  Bailey  and  Roy 
(1994).  The  solid  line  represents  the  model  suggested  by  Bailey  and  Roy  (Eq.  4-39);  the 
dashed  line  represents  the  model  derived  (from  these  data)  in  the  present  study  (Eq.  4-41). 
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Figure  4-15.  Normal  probability  plot  of  the  residual  errors  for  the  slow-clearing 
tracheobronchial  deposition  fraction  determined  from  data  in  Fig.  4-14  (measured  values) 
and  predictions  of  Eq.  4-41 .  The  plot  indicates  that  residuals  are  approximated  by  a 
normal  distribution  with  mean  of  zero  (50th  percentile)  and  standard  deviation  of  0.1 
(difference  between  84th  and  50th  percentile). 
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the  residuals  follow  (approximately)  a  normal  distribution  with  a  mean  value  of  zero  (i.e., 

the  50%  tractile)  and  a  standard  deviation  of  about  0. 1  (i.e.,  difference  between  the  84% 

and  50%  fractiles).  Therefore,  for  purposes  of  modeling  uncertainties  in  f„  the  approach 

in  this  study  was  to  compute  an  average  value  for  f,  from  Eq.  4-41  and  to  add  a  random 

error  term,  E(Q,  to  this  value  to  introduce  uncertainty,  where  E(Q  was  assigned  a  normal 

distribution  with  mean  value  of  zero  and  standard  deviation  of  0.1. 

4.2.2.2.  Clearance  parameters  associated  with  AI  compartments 

Three  compartments  are  included  in  the  clearance  model  to  represent  mechanical 
clearance  of  initial-state  material  from  the  AI  (or  pulmonary)  region  of  the  lungs— AI,,  AI2, 
and  AI3.  These  compartments  differ  from  those  used  in  other  regions  (e.g.,  BB  and  bb)  in 
that  they  correspond  to  different  phases  of  clearance  within  the  same  spatial  location. 
Compartments  in  other  lung  regions  correspond  both  to  different  phases  and  to  different 
spatial  locations  (or  source  regions)  in  the  lungs  when  dosimetry  computations  are 
performed.  In  discussing  uncertainty  in  reference  values  for  mechanical  clearance  from 
these  AI  compartments,  Bailey  and  Roy  (1994)  suggest  that  variability  for  all  of  the 
associated  parameters  not  be  considered.  Rather,  they  suggest  that  either  the  fraction  of 
material  assigned  to  a  compartment,  fd,  or  the  fractional  rate  constant  for  clearance  from 
that  compartment,  m,  be  considered  variable-not  both.  This  suggestion  was  due  partly  to 
lack  of  knowledge  and  partly  to  the  fact  that  "considerable  variation  in  the  retention 
pattern  can  be  achieved  by  altering  either  the  amount  in  each  compartment  [i.e.,  value  for 
fd]  or  the  clearance  rates  [i.e.,  values  for  m]."     In  order  to  achieve  a  desired  level  of 
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variability  in  the  retention  pattern  (consistent  with  observed  values  for  retention  and 

clearance  rates),  the  distributions  listed  in  Tables  4-14  and  4-15  were  recommended  by 

those  authors  for  f^AI,),  m^4  (i.e.,  fractional  clearance  rate  from  compartment  AI2  to 

BB,),  and  m3  4  (i.e.,  fractional  clearance  rate  from  AI3  to  BB,).  Other  relevant  parameters 

[viz.,  fd(AI2),  fd(AI3),  and  n^  4]  were  assigned  reference  values.  [Note  that  fd(AI2)  =  1  - 

fd(AI1)-fd(AI3)  and  is  not  an  independent  parameter  since  it  depends  on  other  partition 

fractions].  These  recommendations  were  followed  in  the  present  work.  However,  in  the 

computer  program  developed  to  implement  methods  in  the  current  work,  LUDUC, 

provisions  are  included  which  allow  future  users  to  specify  distributions  for  all  parameters 

associated  with  these  compartments  (should  better  information  become  available). 

4.2.3.  Fractional  Clearance  Rate  Constants 

Fractional  clearance  rate  constants  reflect  the  rates  at  which  a  unit  of  material  (or 
activity)  in  a  given  compartment  leaves  that  compartment  by  specified  pathways  (in  this 
case  mechanical  clearance  pathways,  the  absorption  pathways,  or  radioactive  decay).  For 
mechanical  clearance  pathways,  others  have  examined  clearance  rates  by  inhalation 
experiments  involving  both  humans  and  animals  with  insoluble  (radiolabeled)  photon- 
producing  materials  such  as  To,  51Cr-,  59Fe-,  "Co-,  or  85Sr-labeled  particulates 
composed  of  various  iron  oxides,  fused  aluminosilicate,  teflon,  polystyrene,  and  albumin. 
For  absorption  pathways,  rates  have  been  determined  through  mass  balance  studies  using 
both  humans  and  animals  and  results  depend  on  the  particular  physico-chemical  form  of 
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Table  4-15.  Distributions  to  describe  uncertainties  in  fractional  clearance  rate  constants 
used  in  mechanical  clearance  aspect  of  the  ICRP  Publication  66  lung  model. 


Clearance     From     To 
Parameter 


Reference 

Value,  d"1  (Half  time) 


Distribution 
(Adopted  in  this  Study) 


mM 

AI, 

bb, 

0.02 

(=35  d) 

See  note  (b) 

m2>4 

AI2 

bb, 

0.001 

(=700  d) 

~LN(0.001,     1.41)c 

mM 

AI3 

bb, 

0.0001 

(=7000  d) 

~LN(0.0001,   1.73)d 

m3,10 

AI3 

LNft 

0.00002 

~LN(0.00002,  1.41)e 

m4,7 

bbj 

BB, 

2 

(=8h) 

~LN(2,       1.41)c 

m5,7 

bb2 

BB, 

0.03 

(=23  d) 

~LN(0.03,  1.73)d 

n^io 

bb^ 

LN* 

o.or 

(=70  d) 

~LN(0.01,  1.73)d 

m7,ll 

BB, 

ET2 

10 

(=100  min) 

~LN(10,     1.22)e 

m8,n 

BB2 

ET2 

0.03 

(=23  d) 

~LN(0.03,  1.73)d 

nVio 

BB^ 

LNA 

o.or 

(=70d) 

~LN(0.01,  1.73)d 

mil,15 

ET2 

GItract 

100 

(=10  min) 

~LN(100,     1.73)d 

mi2,13 

ET^ 

LNet 

0.001a 

(=700  d) 

~LN(0.001,  1.73)d 

mi4,16 

ET, 

Environs 

1 

(=17  h) 

~LN(1,         1.73)d 

Source:  Reference  values  and  distributions  are  based  on  values  proposed  by  Bailey  and 

Roy  (1994). 

Note:  ~LN(w,  z)  signifies  that  quantity  is  assigned  a  lognormal  distribution  with 

geometric  mean  of  w  and  geometric  standard  deviation  of  z. 
a  Indicates  that  reference  value  is  based  only  on  animal  data. 
b  As  discussed  by  Bailey  and  Roy  (1994),  variabilities  in  this  quantity  are  not  specified; 

uncertainties  in  the  clearance  from  AI,  (the  fastest-clearing  AI  compartment)  are 

accommodated  by  uncertainties  in  fd(AI,). 
c  Based  on  a  proposed  uncertainty  factor  (Ou=  z2)  of  3  for  the  95%  confidence  interval. 

The  95%  confidence  interval  for  a  lognormal  distribution  is  approximately  (w+z2,  w*z2). 
d  Based  on  a  proposed  uncertainty  factor  (Ou=  z2)  of  2  for  the  95%  confidence  interval. 
e  Based  on  a  proposed  uncertainty  factor  (Ou=  z2)  of  1.5  for  the  95%  confidence  interval. 
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the  material  used.  Uncertainties  in  the  mechanical  clearance  rate  constants  were  extracted 
from  discussions  in  the  report  by  Bailey  and  Roy  (1994)  and  are  listed  in  Table  4-15.  As 
with  some  fd  reference  values,  some  rate  constants  are  based  on  animal  data;  for  these 
constants,  the  authors  again  suggested  an  uncertainty  factor  of  <I>U=3. 

4.2.4.  Absorption  Rate  Constants 

The  model  parameters  presented  in  Tables  4-14  and  4-15  are  assumed  by  the  ICRP 
Publication  66  lung  model  to  be  independent  of  the  radionuclide  or  its  physico-chemical 
form  (except  for  particle  size  characteristics).  The  parameters  which  are  dependent  on  the 
radionuclide  chemical  form  are  now  discussed.  The  discussion  focuses  on  plutonium 
dioxide,  ^'PuOj;  consequently,  the  distributions  for  these  parameters  must  be  revised 
before  applying  methods  in  this  study  to  other  radionuclides/forms.  Two  important 
summaries  of  primarily  in  vivo  studies  with  plutonium  and  other  actinides  were  published 
by  the  ICRP  (1972,  1986).  The  purpose  of  these  studies  was  to  examine  the  metabolism 
of  compounds  of  these  radionuclides  arising  from  all  routes  of  exposure  (inhalation, 
ingestion,  and  injection/absorption).  To  demonstrate  variability  in  the  long-term  clearance 
of  ^uOj  from  the  lungs,  information  extracted  from  these  publications  is  shown  in  Table 
4-16.  This  information  reflects  long-term  clearance  attributable  to  all  pathways-including 
mechanical  and  absorptive  processes-from  the  respiratory  tract.  Neglecting  species  and 
other  differences,  long-term  (fractional)  clearance  rates  reported  in  the  table  for  239Pu02 
vary  over  about  a  factor  of  10  (highest  to  lowest  values)~from  about  0.0004  to  0.004  d"\ 
And  within  a  given  species,  clearance  of  Pu02  is  affected  by  the  temperature  at  which  the 
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oxide  was  formed  and  by  the  activity  median  aerodynamic  diameter  (AMAD)  of  the 
inhaled  particles.  Also,  the  matrix  or  mixture  of  materials  in  which  the  Pu02  exists  (e.g., 
mixed  oxides  of  Pu  and  U)  has  been  found  to  influence  clearance  rates  (ICRP  1972). 


Table  4-16.  Results  of  studies  that  examined  long-term  biological  clearance  of  inhaled 
PuQ2  aerosols  from  the  lungs. 


Pu02 

Formation 
Temp  (C) 

Origin 

i 

Species 

Particle 
Size 

Long-Term 
Retention 
Halftime  (days) 

Long-Term 
Clearance 
Rate0  (days') 

Reference 

750 

Oxalate 

Beagle 

AMEN2.3, 
GSD=1.9 

1100 

6.30E-04 

Par85* 

1000 

Peroxide 

Baboon 

CMD=0.6, 
GSD=1.3 

500-1300 

1.39E-03  to 
5.33E-04 

Bair80" 

350 

Oxalate 

Beagle 

MMD=4.3 

370 

1.87E-03 

Bair68a 

450 

Oxalate 

Beagle 

MMD=4.8 

840 

8.25E-04 

Bair68* 

1000 

Oxalate 

Beagle 

MMD=2.8 

780 

8.89E-04 

Bair68' 

325 

Chloride 

Beagle 

AMD=1.9, 
GSD=1.2 

180 

3.85E-03 

Mew76a 

600 

Chloride 

Beagle 

AMD=1.9, 
GSD=1.2 

340 

2.04E-03 

Mew76* 

900 

Chloride 

Beagle 

AMD=1.9, 
GSD=1.2 

>500 

<1.39E-03 

Mew76a 

1150 

Chloride 

Beagle 

AMD=1.9, 
GSD=1.2 

>500 

<1.39E-03 

Mew76' 

1150 

Chloride 

Beagle 

AMD=0.7 

760 

9.12E-04 

Gu80aa 

1150 

Chloride 

Beagle 

AMEN  1.4 

1450 

4.78E-04 

Gu80aa 

1150 

Chloride 

Beagle 

AMD=2.8 

1600 

4.33E-04 

Gu80aa 

Man 

500 

1.39E-03 

Wa75a  Ra70,78a 

Mouse 

CMEN0.2 

490 

1.41E-03 

Bair61ab 

Dog 

MMD=4.3 

1600 

4.33E-04 

Bair61bb 

123 

Metal 

Dog 

MMD=1.3 

690 

1.00E-03 

Bair68b 

Notes:  AMD  =  Acti 

vity  Median  Aerodyna 

mic  Diameter;  CMD  =  Count  Mi 

edian  Diameter; 

MMD  =  Mass  Median  Diameter;  GSD  =  Geometric  Standard  Deviation. 
Data  for  "Man"  were  not  from  controlled  experiments,  but  rather  involved 
accidental  inhalation  scenarios. 

'  Reference  cited  in  ICRP  Publication  48  (ICRP  1986). 
b  Reference  cited  in  ICRP  Publication  19  (ICRP  1972). 
c  Rate  derived  from  long-term  retention  halftime;  rate  =  ln(2)/halftime. 
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Note  that  Table  4-16  pertains  to  overall  clearance  from  the  lungs  and  includes  both 

mechanical  and  absorption  processes.  It  is  important  to  consider  what  portion  of  the 

overall  clearance  is  attributable  to  absorption  to  blood.  The  most  reliable  data  come  from 

mass  balance  studies  with  beagles  and  baboons.  For  a  polydisperse  aerosol  of  ^'PuOj 

(prepared  by  calcining  plutonium  peroxide  at  1000  °C),  Bair  et  al.  (1980,  cited  in  ICRP 

1986)  reported  translocation  rates  (to  blood)  of -0.0001  d'1  at  one  thousand  days  after 

exposure  for  both  beagles  and  baboons.  For  rats  exposed  to  aerosols  of  ^uOj  prepared 

at  1200  °C,  the  absorption  rate  was  almost  an  order  of  magnitude  less  -0.000025  d'1  (cited 

in  ICRP  1986).  For  hamsters  exposed  to  mixed  oxides  of  ^uOj.UOj,  the  Pu  was 

translocated  to  blood  at  even  slower  rates  of  -0.000012  d"1  (cited  in  ICRP  1986).  These 

values  indicate  that  about  1-10%  of  the  overall  long-term  clearance  may  be  attributed  to 

the  absorption  pathway  to  blood. 

In  addition  to  in  vivo  studies,  a  number  of  in  vitro  studies  examining  dissolution  of 
plutonium-laden  soils  and  aerosols  in  simulated  lung  serums  have  been  published  (e.g.,  Lee 
et  al.,  1982;  Vashi  et  al.,  1980;  Eidson  and  Mewhinney,  1983;  and  Voilleque  et  al.,  1987). 
While  these  studies  are  not  generally  able  to  provide  definitive  information  regarding 
absorption  rates,  they  can  be  useful  for  determining  the  fraction  of  the  material  which  is 
rapidly  solubilized  in  lung  fluids  and  potentially  (rapidly)  absorbed  to  the  blood.  Some 
results  of  these  studies  are  discussed  below. 

Lee  et  al.  (1982)  examined  Pu-contaminated  soils  and  sediments  from  four  DOE 
sites~the  Nevada  Test  Site  (NTS,  soil  samples) ,  Rocky  Flats  (RF,  soil  samples),  Oak 
Ridge  National  Laboratory  (ORNL,  pond  sediment  samples),  and  Mound  Laboratory 
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(ML,  canal  sediment  samples).  The  form  of  Pu  was  expected  to  be  primarily  Pu02  for 

samples  from  these  sites.  The  authors  found  that  0.02%  (NTS  and  ORNL  samples), 

0.43%  (ML  sample),  and  0.70%  (RF  sample)  of  the  plutonium  dissolved  in  the  serum 

simulant  after  1  day  of  equilibration.  It  is  not  clear  whether  these  dissolved  fractions 

represent  Pu02  that  dissolved  or  other  more-soluble  trace  forms  of  plutonium  (e.g.,  PuCl4) 

which  might  have  been  present  in  the  samples. 

Vashi  et  al.  (1980)  examined  dissolution  characteristics  of  aerosol  samples  of  Pu 
collected  on  glass-fiber  filter  paper  in  a  nuclear  reprocessing  plant.  Two  types  of  samples 
were  collected.  One  type  was  "oxide  aerosol  samples  from  glove  boxes."  The  other  type 
was  "field  aerosol  samples  from  the  working  environment."  No  other  information  on  the 
samples  was  provided.  For  plutonium  oxide  particles  in  plain  lung  serum  simulant,  about 
0.12%  (0.0012)  of  the  Pu  dissolved  within  about  10  days  (less  than  0.2%  had  dissolved 
after  90  days);  for  the  field  Pu  aerosol  sample  in  the  serum,  about  4%  of  the  Pu  dissolved 
in  10  days  (less  than  7%  had  dissolved  after  70  days).  The  values  for  the  "oxide  samples" 
are  comparable  to  the  values  reported  by  Lee  et  al.  (1982)  for  Pu-contaminated  soil 
samples  (above).  From  the  facility  sampled,  mixed  oxides  of  Pu  and  U  might  have  been 
present  in  the  "field  samples." 

Eidson  and  Mewhinney  (1983)  examined  in  vitro  dissolution  of  aerosols  from 
industrial  uranium  and  plutonium  mixed  oxide  fuels.  Of  interest  here  are  results  from  the 
dissolution  studies  with  aerosols  generated  with  Pu02  powder  (calcined  at  850  °C)  alone 
(not  mixed  with  U02).  Results  with  aerosols  of  the  Pu02  powder  indicated  that  less  than 
about  0.4%  of  the  Pu  dissolved  after  100  days  (less  than  about  0.04%  after  10  days)  in  the 
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serum  simulant.  However,  for  Pu  in  aerosols  of  the  mixed  oxide  powders,  anywhere  from 
0.4  -  4.6%  of  the  Pu  was  dissolved  within  a  couple  of  days. 

Voilleque  et  al.  (1987)  used  dissolution  studies  to  estimate  dissolution  rate 
constants  for  transuranic  radionuclides  in  a  steam-generator  work  environment  at  a 
nuclear  power  plant.  Dissolution  rates,  averaged  over  21  days,  for  various  plutonium 
compounds  were  all  <0.0003  d'1;  in  other  words  <  0.6%  (i.e.,  0.0003  d"1  x  21  d)  of  the  Pu 
dissolved  into  the  serum  simulant  in  21  days.  No  information  was  provided  regarding  the 
chemical  form  of  the  Pu  (e.g.,  oxides,  chlorides,  etc.);  however,  it  is  expected  that  Pu  was 
primarily  in  the  oxide  form  (most  likely  a  result  of  neutron  absorption  by  B*U  nuclei  in 
uranium  oxide  reactor  fuel). 

4.2.4. 1.  Uncertainty  in  the  rapidly  absorbed  component 

The  ICRP  (1994)  suggests  that  a  small  fraction,  f,  =  0.001  (or  0.1%),  of  Class  S 
(formerly  Class  Y)  material  deposited  in  the  lungs  is  rapidly  absorbed  to  the  blood  with  a 
fractional  absorption  rate  of  sr  =  100  d'1.  This  rate  was  chosen  to  make  the  absorption  of 
this  small  fraction  virtually  immediate  and  corresponds  to  a  half  time  of  about  ten  minutes. 
The  other  99.9%  of  the  material  is  assumed  to  be  absorbed  to  blood  at  a  very  slow 
fractional  rate  of  about  0.0001  d"1  (corresponding  half  time  ~  7000  days).  Since  the 
fraction  that  clears  rapidly  is  very  small  (i.e.,  -0.1%  of  the  activity),  uncertainties  in  this 
quantity  are  not  expected  to  be  important  to  the  overall  variability  in  lung  doses. 
However,  if  one  were  concerned  with  systemic  organ  doses  from  Pu  (e.g.,  dose  to 


195 
endosteal  surfaces,  bone  marrow,  liver,  or  gonads),  uncertainties  in  £  could  be  very 

important.  The  present  study  was  concerned  with  uncertainties  in  lung  dose  only. 

Based  on  information  from  the  in  vitro  studies  above,  £  (for  Pu02)  was  assigned  a 

uniform  distribution  from  0.0005  to  0.005  (or  0.05  -  0.5%).  This  distribution  covers  the 

range  of  most  of  the  results  reported  above  and  provides  a  median  value  equal  to  the 

ICRP  reference  value  for  class  S  materials.  If  site-specific  solubility  information  were 

available,  this  distribution  could  (and  should)  be  adjusted  to  match  the  rapidly  dissolved 

fraction  of  Pu  for  aerosols  from  that  site.  The  absorption  rate  constant,  sr,  for  the  rapidly 

absorbed  fraction  was  assigned  a  lognormal  distribution  with  geometric  mean  equal  to  the 

ICRP  (1994)  recommended  value  of  100  d_1  and  a  GSD  of  3.2.  This  GSD  value  was 

chosen  to  introduce  an  uncertainty  factor  of  about  3>u  =  10  for  this  parameter.  This 

parameter  is  not  expected  to  be  important  for  plutonium  oxides  since  it  corresponds  to 

such  a  short  clearance  half  time  (-minutes). 

4.2.4.2.  Uncertainty  in  the  slowly  absorbed  component 

The  ICRP  recommends  a  fractional  rate  constant  of  ss  ■  0.0001  d"1  for  absorption 
of  the  slow-clearing  component  of  Class  S  (formerly  Class  Y)  materials  to  the  blood.  This 
value  agrees  with  beagle  and  baboon  experiments  by  Bair  et  al.  (1980).  To  accommodate 
uncertainties  in  the  fractional  clearance  rate  of  the  slowly  absorbed  component  of 
plutonium  oxides,  ss  was  assigned  a  lognormal  distribution  with  a  median  value  of  0.0001 
d-1  (ICRP  reference  value)  and  a  GSD  of  3.2.  This  GSD  corresponds  to  an  uncertainty 
factor  of  about  10  (i.e.,  GSD2  ~  10  and  the  lower  and  upper  95%  confidence  bounds  are 
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-0.00001  and  -0.001,  respectively).  The  lower  bound  agrees  with  the  very  slow 

absorption  rates  presented  for  rats  exposed  to  mixed  U:Pu  oxides;  the  upper  bound  agrees 

with  the  data  presented  in  Table  4-16  for  overall  clearance  of  plutonium  oxide  from  the 

lungs.  Figure  4-16  shows  the  relative  impact  of  uncertainties  in  parameter  s,  (=  s,)  on  the 

total  number  of  239Pu  disintegrations  that  occur  in  the  lungs  as  a  function  of  the  integration 

time.  Data  in  this  figure  were  derived  by  solving  the  deposition  and  clearance  models; 

reference  values  were  used  for  all  parameters  but  ss.  Values  used  for  s8  are  indicated  in  the 

figure  and  correspond  to  the  lower  95%  confidence  limit  (or  2.5  percentile-O.OOOOld"1), 

the  median  (50  percentile-0.0001  d"1),  and  the  upper  95%  confidence  limit  (97.5 

percentile~0.001  d'1)  of  the  distribution  suggested  above.  Generally,  for  an  acute  activity 

intake,  a  variability  of  s,  over  the  range  of  0.00001  to  0.001  d'1  (i.e.,  two  orders  of 

magnitude)  results  in  a  variability  of  about  a  factor  of  four  (upper  to  lower  95%  bounds) 

for  the  total  disintegrations.  The  same  computations  were  performed  for  other  particle 

aerodynamic  diameters  ranging  from  0.1  to  10  urn;  and  although  not  shown,  the  results 

were  similar.  Dose  is  generally  proportional  to  the  total  disintegrations;  these  results  show 

that,  within  the  range  of  values  examined,  the  model  is  not  too  sensitive  to  changes  in  ss 

which  possesses  a  large  degree  of  uncertainty. 

The  absorption  model  accommodates  mechanisms  which  can  bind  dissolved 

material  to  the  tissues  in  the  lungs.  The  ICRP  (1994,  p.  74)  stated  that  "the  need  to  use 

the  bound  state  will  mainly  arise  for  materials  that  are  soluble  in  water  but  bind  to  tissues." 

The  model  parameters  necessary  to  quantify  this  bound  state  are  denoted  as  fb  and  Sb.  The 

parameter  fb  represents  the  fraction  of  the  deposited  material  that  transfers  to  the  bound 
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Figure  4-16.  Total  239Pu  disintegrations  in  the  lung  as  a  function  of  time  for  three  values  of 
s,  (the  fractional  absorption  rate  for  the  slow-clearing  component)  representing  minimum, 
median,  and  maximum  values  adopted  in  this  study.  An  acute  exposure  scenario  has  been 
assumed  (Ag  =  1  Bq-hr/m3  of  ^uOj ;  dM  -  1  urn,  monodisperse,  unit  density  sphere)  for 
reference  adult  man  at  light  activity  (i.e.,  VE  =  1.5  mVhr). 
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state  and  Sb  represents  the  fractional  clearance  rate  for  materials  from  the  bound  state  to 

blood.  In  the  case  of  plutonium  oxides  (relatively  insoluble  in  water),  the  bound  state 

compartments  (e.g.,  see  equations  for  ET^,  BB^,  bb^,  AI,^  in  Appendix  B)  are  not 

needed.  The  ICRP  (1994)  recommends  that  fb  be  set  equal  to  zero  for  class  S  materials 

that  are  insoluble  in  water.  This  approach  was  adopted  in  this  research  (fb=  0) ;  and  no 

uncertainties  were  considered  in  fb.  Since  fb  equals  zero,  there  was  no  need  to  quantify  s,,. 

However,  provisions  were  included  in  the  computational  code  developed  to  implement 

this  research  (i.e.,  LUDUC;  discussed  in  section  3.6)  which  allow  future  users  to  specify 

distributions  (uniform,  triangular,  normal,  or  lognormal)  for  both  fb  and  %. 

4.2.4.3.  Summary  of  distributions  for  absorption  aspect 

Table  4-17  summarizes  distributions  selected  for  parameters  related  to  the 
absorption  aspect  of  the  clearance  model.  The  upper  panel  lists  parameters  required  by  an 
alternative  but  equivalent  form  of  the  absorption  model.  The  lower  panel  lists  the 
parameters  directly  required  by  the  mathematical  model  and  their  relationships  to  the 
alternative  (upper  panel)  model  parameters  (e.g.,  see  Appendix  B  for  mathematical 
model).  Parameters  in  the  upper  panel  are  generally  more  easily  determined  from 
experimental  results  than  parameters  in  the  lower  panel. 
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Table  4-17  Distributions  and  relationships  adopted  to  describe  the  absorption  aspect  of 
clearance  in  the  ICRP  Publication  66  lung  model  based  on  239PuQ2  aerosols. 

Parameter     Description  Reference     Distributionbc 

(f.c.  =  fractional  clearance)  Value*  or  Relationship 


Sr 


s, 


fraction  of  material  rapidly 
dissolved 

fractional  absorption/dissolution 
rate  for  fast  phase 


0.001 


~LN(0.001,  3.2) 


100  d"1  ~LN(100,  3.2) 


SP< 


fractional  absorption/dissolution        0.0001  d"1     ~LN(0.0001,  3.2) 
rate  for  slow  phase 

f.c.  rate  from  initial  state  to  blood     0. 1  d'1  sp  =  ss  +  £  (sr  -s,) 

compartments 

f.c.  rate  from  initial  state  to  100  d'1  s^  -  (1  -  Q(sr-s8) 

transformed  state  compartments 


Sb 


f.c.  rate  from  transformed  state  to 
blood  compartments 

fraction  of  material  reaching 
bound  state  compartment 

f.c.  rate  from  bound  state  to 
blood  compartments 


0.0001  d"1     s,=s, 


0  (see  note  d) 


see  note  d 


'  Reference  values  are  based  on  ICRP  Publication  66  (ICRP  1994,  p.  76)  for  Type  S 

materials  (relatively  insoluble  in  the  respiratory  tract;  or  slow  solubilization). 

b  ~LN(w,  z)  signifies  that  quantity  is  assigned  a  lognormal  distribution  with  geometric 

mean  of  w  and  geometric  standard  deviation  of  z.  The  geometric  standard  deviation  for 

distributions  in  the  table  (z  =  3.2)  corresponds  to  an  assumed  95%  confidence  interval 

given  by  a  factor  of  10  (w+10,  w-10). 

c  The  dividing  line  in  the  table  separates  two  alternate  models  for  absorption.  The  models 

are  related  by  the  equations  in  the  last  column  of  the  table. 

d  The  bound  state  compartment,  although  defined  in  the  model,  has  not  been  assigned 

reference  values  for  Type  S  materials  since  the  fraction  of  material  translocated  to  the 

bound  state  is  taken  to  be  zero. 
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4.3.  Dose  Model  Parameters 

4.3.1.  Introduction 

Dose  model  parameters  consist  primarily  of  quantities  which  characterize  source 
and  target  tissue  geometries  for  the  various  respiratory  tract  regions.  Of  interest  are 
variabilities  in  source  and  target  tissue  depths  and  thicknesses.  These  dimensions  are 
important  for  short  range  radiations  such  as  low  energy  beta  and  alpha  particles.  Source 
and  target  regions  defined  for  the  ICRP  Publication  66  respiratory  tract  model  have  been 
described  in  Chapter  3.  The  target  regions  of  interest  include  the  basal  cell  nuclei  layer  in 
the  ET  regions,  basal  and  secretory  cell  nuclei  layers  in  the  BB  region,  the  secretory 
(Clara)  cell  nuclei  layer  in  the  bb  region,  and  the  total  tissue  mass  of  the  AI  region.  In 
addition  to  depths  and  thicknesses,  variabilities  in  the  surface  area  of  ET,  BB,  and  bb 
airway  regions  are  needed  in  order  to  estimate  uncertainties  in  the  source  region  volumes 
and  target  region  masses.  The  volume  of  a  given  source/target  region  is  approximated  by 
the  product  of  the  surface  area  of  the  region  and  the  thickness  of  the  source/target  region. 
Finally,  variabilities  in  certain  target  tissue  masses  (e.g.,  AI  and  lymph  node  masses)  must 
also  be  determined. 

Dimensions  of  the  bronchial  epithelium  and  of  the  target  cell  layers  contained 
within  it  are  important  for  short  range  radiations  such  as  alpha  and  beta  particles.  The 
ranges  of  alpha  particles  at  some  selected  energies  are  shown  in  Table  4-18  for  unit 
density  water.  For  comparison,  average  alpha-particle  energies  for  Pu-239  and  Am-241 
are  5.1  and  5.5  MeV,  respectively,  corresponding  to  tissue  ranges  of  about  40-45  urn. 
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Alpha  particles  emitted  by  Po-214  (an  important  radon  daughter)  have  energies  of  7.7 

MeV,  corresponding  to  tissue  depths  greater  than  about  70  um.  Water  at  unit  density  is  a 
close  approximation  to  soft  tissues  with  respect  to  energy  absorption  from  alpha  particles. 
Alpha  particles  in  the  4-7  MeV  range  penetrate  to  distances  on  the  order  of  the  thickness 
of  the  epithelium  in  the  bronchial  (BB)  region;  therefore,  dimensions  of  the  bronchial 
epithelium  and  layers  of  target  cells  are  expected  to  be  sensitive  factors  in  lung  dosimetry. 


Table  4-18.  Range  of  alpha  particles  in  water  for 

given  energies. 

Energy  (MeV)          Range  (um) 

Energy  (MeV) 

Range  (um) 

4.0                             27 

6.0 

50 

4.5                             32 

6.5 

56 

5.0                             38 

7.0 

63 

5.5                             43 

7.5 

71 

Source:  Based  on  density  range  values  reported  in  ICRU  Report  49  (ICRU  1993). 
Assumes  unit  density  water. 


4.3.2.  Measurements  of  the  Bronchial  Epithelium  and  Critical  Cell  Layers 

A  literature  search  for  published  work  on  lung  tissue  dimensions  identified  the 
following  useful  studies-Gehr  (1994),  Trevisani  et  al.  (1992),  Baldwin  et  al.  (1991), 
Mercer  et  al.  (1991),  Bowden  and  Baldwin  (1989),  Gies  et  al.  (1987),  and  Gastineau  et  al. 
(1972).  The  study  by  Bowden  and  Baldwin  (1989)  apparently  involved  the  same  data  and 
results  as  Baldwin  et  al.  (1991).  One  difficulty  in  estimating  tissue  thicknesses  in  the  lung 
epithelium  is  that  tissue  specimens  generally  come  from  surgical  procedures  to  remove 
diseased  tissue  from  subjects;  the  possibility  for  bias  then  exists  in  many  of  the  results 
reviewed  here. 
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Gehr  (1994,  Tables  A.  2,  A3,  and  A.  4)  reported  estimates  of  various  dimensions  of 
the  trachea,  bronchus,  and  bronchioles.  These  were  "unpublished,  preliminary  data,  based 
on  a  few  randomly  selected  samples  only"  and  covered  ages  from  26  days  to  39  years. 
Data  reported  for  children  of  ages  5  yrs  down  to  26  days  indicate  that  cilia  length, 
epithelium  thickness,  and  airway  wall  thickness  in  both  bronchi  and  bronchioles  are  not 
different  from  those  found  in  adults.  In  the  bronchial  region,  cilia  length  ranged  from  5.3  - 
8.0  um;  epithelium  thickness  ranged  from  27-35  um;  wall  thickness  ranged  from  about 
400-1300  um;  and  connective  tissue  (musculature  thickness)  ranged  from  250  - 1260  um. 
In  bronchioles,  cilia  ranged  from  5-7  um;  epithelium  height  ranged  from  11-21  um;  wall 
thickness  ranged  from  33-93  um;  and  connective  tissue  (musculature  thickness)  ranged 
from  12-75  um.  For  a  bronchus  (-generation  4),  Gehr  reported  the  thickness  of  the 
subepithelial  layer  at  about  500  um;  for  a  bronchiole  (-generation  15)  this  thickness  was 
only  about  20um. 

Trevisani  et  al.  (1992)  examined  70  biopsy  specimens  taken  from  the  bronchial 
epithelium  (main  bronchus,  generation  1)  of  40  smokers  (27  with  chronic  bronchitis  and 
13  asymptomatic).  The  authors  found  significant  differences  in  the  mean  thickness  of  the 
bronchial  epithelium  (p  <  0.001),  the  number  of  layers  of  basal  cells  (p  <  0.001),  and  the 
thickness  of  the  zone  occupied  by  basal  cells  (p  <  0.01),  among  other  quantities,  in  chronic 
bronchitics  compared  to  asymptomatic  smokers.     For  asymptomatic  smokers  the 
epithelium  thickness  was  47.3  ±  2.0  um  (mean  ±  standard  error  of  mean,  n=13);  the 
number  of  basal  cell  layers  was  2.55  ±  0.26  (n=13);  and  the  thickness  of  the  zone 
occupied  by  basal  cells  was  19.95  ±  1.41  um.  For  chronic  bronchitics  all  of  these  values 
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were  significantly  larger.  Gies  et  al.  (1987)  examined  effects  of  cigarette  smoking  in  dogs 

and  found  no  differences  in  the  thickness  of  the  epithelium  for  smoking  compared  to  non- 
smoking group  of  dogs.  Baldwin  et  al.  (1991,  discussed  below)  also  found  no  significant 
differences  between  epithelium  height  in  human  smokers  versus  non-smokers.  As  a 
general  conclusion,  dimensions  of  the  epithelium  for  smokers  do  not  seem  to  differ  from 
nonsmokers,  unless  symptoms  of  respiratory  disease  (e.g.,  bronchitis)  exist.  A  major 
limitation  of  this  study  is  that  it  was  based  on  measurements  from  only  the  main  bronchi 
(generation  1);  no  comparisons  (smokers  versus  nonsmokers)  were  found  for  smaller 
airways  (bronchioles). 

Based  on  1 16  measurements  of  human  tissue  specimens  (from  an  unknown  number 
of  persons),  Gastineau  et  al.  (1972)  published  summary  data  characterizing  a  number  of 
dimensions  in  the  bronchial  epithelium.  Quantities  measured  were  thickness  of  epithelium, 
length  of  cilia,  and  basal  cell  layer  thickness  for  main-stem,  lobar,  segmental,  and 
subsegmental,  and  transitional  bronchi,  and  bronchioles.  Summary  data  are  repeated  in 
Table  4-19,  where  approximate  airway  generation  numbers  have  been  added  to  clarify  the 
relationship  with  the  respiratory  tract  regions  defined  for  modeling  purposes.  The  distance 
from  the  epithelial  surface  to  basal  cell  layer  is  approximately  the  difference  between  the 
epithelial  thickness  and  the  basal  cell  layer  thickness.  The  authors  suggested  a  mucus  layer 
thickness  of  7  urn,  although  this  quantity  was  not  measured.  With  regard  to  uncertainty 
and  variability,  Gastineau  et  al.  presented  histograms  (Fig.  1  in  that  paper)  for  the  relative 
number  of  measurements  of  epithelial  thickness  that  fell  within  10  urn  intervals.  The 
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histogram  curves  for  lobar/segmental  bronchi  and  bronchioles  gave  an  indication  of  a  bell 
shaped  curve  for  the  distribution  in  epithelium  thickness  among  subjects. 


Table  4-19.  Summary  data  for  bronchial  epithelium  based  on  study  by  Gastin-au  et  al. 
(1972). 


Bronchus  Region 
(airway  generation) 

Epithelium 

Thickness 

(Urn) 

Cilia 

Length 

(urn) 

Basal  Cell 
Layer  Thickness 
(urn) 

Number 
Measured 

Main-stem  (1) 

80  (70-85)J 

7.5  (7.5-10) 

10(7.5-10) 

6 

Lobar  (2) 

50  (25-70) 

7.5  (5-12.5) 

7.5  (5-10) 

20 

Segmental  (3) 

50(15-100) 

7.5  (2.5-10) 

7.5  (5-10) 

63 

Subsegmental  (4) 

50  (50-70) 

8.5  (7.5-10) 

7.5(7.5-15) 

3 

Transitional  (~  8-9) 

20  (12.5-30) 

7.5  (5-7.5) 

7.5  (5-7.5) 

12 

Bronchioles  (-9-15) 

15  (5-30) 

5    (2.5-7.5) 

Not  present 

12b 

Source:  Gastineau  et  al.  i 

(1972) 

*  Format  for  all  table  entries  is  median  value  (observed  range  in  parentheses). 

b  Only  n  =  6  measurements  for  basal  cell  layer  thickness  column  (n  =  12  for  others). 


Baldwin  et  al.  (1991)  recently  reported  results  of  measurements  of  epithelium 
surface-to-nuclear  distances  in  the  human  bronchial  epithelium.  The  authors  examined  29 
surgically  removed  tissue  specimens  from  patients  undergoing  lobectomy  or 
pneumonectomy  for  various  conditions  (26  of  the  samples  were  from  smokers). 
Measurements  were  made  for  airway  generations  1-16.  The  authors  found  no  significant 
difference  in  epithelial  thickness  between  smokers  and  nonsmokers.  The  composite  data 
(smokers  and  non-smokers)  are  listed  in  Table  4-20.  The  authors  recommended  a  value  of 
5  urn  for  the  mucus  layer  thickness,  although  this  quantity  was  not  measured.  A  few  dust- 
laden  macrophages  were  also  identified  in  the  tissue  region  beyond  the  basement 
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membrane  (in  generations  4-16);  the  authors  found  distances  from  these  macrophages  to 
range  from  4.1 1-9.03  urn  for  typical  basal  cell  nuclei  and  for  3.4-4.0  um  for  "atypical" 
basal  cells. 


Table  4-20.  Summary  data  for  bronchial  epithelium  measurements  based  on  study  by 


Baldwin  et  al. 

(1991). 

Airway 

Ciliary 

Surface  to  Basement 

Surface  to  Cell 

Generation 

Height 

Membrane  Distance1" 

Nuclei  Distance' 

(um) 

(um) 

Non- 

(um) 

Non- 

Basal 

Basal 

Ciliated'1 

ciliated 

Ciliated 

(typical) 

(atypical) 

1 

6.52* 

31.17 

29.57 

10.08 

26.65 

23.34 

(0.21) 

(2.23) 

(4.77) 

(2.49) 

(2.36) 

(2.40) 

2 

6.40 

31.98 

32.91 

13.05 

25.83 

21.33 

(0.41) 

(4.87) 

(2.90) 

(1.67) 

(3.96) 

(5.07) 

3 

6.29 

29.02 

23.65 

9.10 

24.08 

17.19 

(0.21) 

(3.03) 

(3.07) 

(1.59) 

(2.22) 

(1.36) 

4 

6.02 

25.32 

24.99 

9.10 

22.02 

20.11 

(0.18) 

(2.13) 

(1.24) 

(1.09) 

(1.29) 

(1.84) 

5-7 

5.84 

27.35 

21.51 

7.32 

24.59 

18.15 

(0.13) 

(1.63) 

(1.67) 

(0.53) 

(1.76) 

(1.08) 

7-16 

5.58 

20.94 

17.76 

6.41 

17.46 

15.98 

(0.12) 

(137) 

(119) 

(0.59) 

(0.93) 

(1.19) 

Source:  Baldwin  etal.fi 

991). 

"  Format  for  all  table  entries  is  mean 
b  Distance  from  epithelial  surface  to 
c  Distance  from  epithelial  surface  to 
d  Cilia  height  subtracted  from  value. 


value  (standard  error  of  mean—below  mean), 
basement  membrane  for  indicated  cell  type, 
nuclei  of  indicated  cell  type. 


Mercer  et  al.  (1991)  examined  the  depth  distribution  of  nuclei  in  human  and  rat 
lungs.  The  human  lobar  tissue  samples  were  obtained  from  surgical  resections  of  three 
nonsmokers  who  had  normal  pulmonary  function  tests  and  normal  chest  radiographs, 
except  for  small  lesions.  Epithelial  thicknesses  determined  in  that  study  are  shown  in 
Table  4-21 .  The  authors  commented  on  the  procedures  used  in  the  work,  implying  that 
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Table  4-21.  Summary  data  for  bronchial  epithelium  measurements  based  on  study  by 
Mercer  etal.  (1991). 

Airway  Diameter           Epithelial                 Basal  Cell                Secretory/Clara  Cell 
(mm)                   Thickness1        Nuclei  Depth  Rangec       Nuclei  Depth  Rangec 
(approx.  generation) (urn) (urn) (urn) 


5  -  3  mm  (4  -  6) 

57.8  (~2.9)b 

20-52 

10-50 

3- 1mm  (6 -11) 

50.0  (-2.1) 

20-50 

20-48 

<lmm(ll-15) 

-16  (-1.4) 

not  reported 

not  reported 

Terminial  bronch. 

9.8  (-1.4) 

basal  cells  not 

2-8 

(15-16) 

present 

Source:  Mercer  et  al.  (1 

991). 

"  Format  for  entries  in  column  is  mean  and  (standard  error  of  mean  in  parentheses,  N  ■  3). 
b  Values  preceded  by  "~"  were  estimated  graphically  (from  Fig.4  of  Mercer  et  al.,  1991). 
c  Values  in  these  columns  were  estimated  from  Tables  1,  2,  and  3  in  Mercer  et  al.  (1991). 


their  methods  resulted  in  improved  measurements  compared  to  those  of  Gastineau  et  al. 
(1972).  The  thickness  of  the  interstitial  space  between  the  bronchiolar  airway  epithelium 
and  the  adjacent  alveoli  was  1 1 .2  ±  4  urn  (mean  ±  SE,  N=3).  For  bronchi  the  interstitial 
space  varied  from  169  urn  (d=l-2  mm)  to  516  urn  (d=3-5  mm).  This  range  of  distances 
for  the  bronchi  is  well  outside  of  the  range  (in  tissue)  of  alpha  particles  emitted  by 
radionuclides.  The  authors  reported  that  the  epithelial  thickness  in  different  bronchial 
rings  varied  by  as  much  as  35%  from  the  mean.  Another  finding  was  that  only  minor 
differences  existed  between  distributions  of  nuclei  in  large  and  small  bronchi  (5-3  mm 
versus  3-1  mm).  The  authors  reported  mucus  thickness  measurements  of  about  15  urn. 
The  authors  also  reported  the  distribution  of  various  cell  types  (including  ciliated, 
preciliated,  basal,  goblet,  Clara  and  other  secretory  cells)  per  distance  into  the  epithelium. 
From  data  reported,  secretory  cells  appeared  to  be  uniformly  distributed  over  the  range  of 
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the  epithelium;  basal  cells  appeared  at  a  depth  of  about  30%  of  epithelium  thickness  with 
increasing  occurrence  as  the  basement  membrane  was  approached. 

4.3.3.  Extrathoracic  Region 

The  extrathoracic  region  (comprising  compartments  ETj,  ET2,  ET,^,  and  ET^j)  is 
relatively  resistant  with  respect  to  biological  effects  of  radiation.  In  fact,  critical  cell  layers 
in  ET  regions  are  not  included  as  target  tissues  in  the  ICRP  (1991a)  system  of  radiation 
protection  (i.e.,  ET  tissues  receive  no  effective-dose  tissue  weighting  factors).  For  this 
reason  the  default  tissue  parameters  recommended  by  the  ICRP  (1994)  were  used  in  the 
present  work  to  model  dose  in  these  regions  without  accounting  for  variability  in  tissue 
parameters.  However,  parameter  variabilities  in  the  deposition  and  clearance  components 
for  the  ET  regions  (discussed  in  previous  sections)  were  included  in  analyses. 

4.3.4.  Bronchial  Region 

Source  components  in  the  bronchial  (BB)  region  (airway  generations  0  to  8) 
include  radionuclides:  (1)  located  in  the  mucus/gel  layer  (represented  by  compartments: 
BB!  +  BB1T),  (2)  located  in  the  sol/cilia  layer  (BB2+  BB2T),  (3)  sequestered  by 
macrophages,  etc.,  in  the  airway  wall  (BB,^  +  BB^ T),  (4)  bound  chemically  in  the  airway 
wall  (BB^),  and  (5)  located  in  the  AI  region  with  sufficient  energy  to  irradiate  targets  in 
the  BB  region  (AI,  +  AI2  +  AI3  +  AIIT  +  AI2T  +  AI3T  +  M^.  The  ICRP  lung  model 
assumes  that  radioactive  material  present  in  these  source  regions  is  uniformly  dispersed 
throughout  the  volume  of  the  region. 
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Radiation  dosimetry  in  the  BB  region  is  computed  for  two  target  tissues,  (1)  the 

secretory  cell  (nuclei)  layer,  BB^,  and  (2)  the  basal  cell  (nuclei)  layer,  BB^.  These  cell 

types  are  believed  to  be  susceptible  to  radiation  effects  since  both  are  capable  of  division 

and  are  suspected  to  be  progenitors  of  other  bronchial  cells  (e.g.,  Keenan  et  al.  1982a, 

1982b;  McDowell  et  al.  1984,  1985,  Evans  et  al.  1986,  Ayers  and  Jeffery  1988).  The 

geometry  of  these  tissue  layers  (depths  and  thicknesses  of  layers  in  the  epithelium)  must  be 

specified  for  dosimetry  computations  to  be  performed. 

This  research  focused  on  alpha  particle  radiation  types  only.  For  such  radiations 

the  source  component  (5)  does  not  contribute  to  the  dose  in  the  BB  region.  The  thickness 

of  interstitial  tissues  between  Al  region  and  BB  epithelium  is  greater  than  the  range  of 

alpha  particles  (Table  4-18);  e.g.,  Mercer  et  al.  (1991)  reported  interstitial  tissue 

thicknesses  greater  than  100  urn. 

4.3.4. 1 .  Mucus/gel  laver  (BB^BB^) 

The  mucus  (or  gel)  layer  thickness  for  bronchial  airways  was  reported  by  the 
references  above  as  5  urn  (Baldwin  et  al.,  1991),  7  urn  (Gastineau  et  al.,  1972),  and  15  urn 
(Mercer  et  al.  1991).  Harley  and  Pasternack  (1972)  also  suggested  a  value  of  15  urn  for 
the  mucus  layer.  From  the  context,  the  values  reported  by  Mercer  et  al.  and  Harley  and 
Pasternack  included  the  thickness  of  the  ciliary  layer;  so  these  values  should  be  decreased 
by  about  a  factor  of  two.  In  addition  Gehr  (1994)  reported  a  mucus  layer  thickness  of  5 
^m  for  a  bronchus  (approximately  generation  4).  Based  on  these  limited  data,  the 
thickness  of  the  mucus  layer  (BB  region)  was  modeled  in  this  study  by  a  triangular 
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distribution  with  minimum,  mode,  and  maximum  values  equal  to  4,  6,  and  8  urn, 
respectively. 

4.3A2.  Cilia/sol  layer  rBB:+BB:T) 

The  cilia  (or  sol)  layer  is  between  the  mucus  (gel)  layer  and  the  epithelium  surface; 
the  cilia  move  the  mucus  layer  toward  the  pharynx.  Gastineau  et  al.  (1972)  reported 
values  for  cilia  length  in  generations  1-7  ranging  from  2.5  - 12.5  urn  (all  generations),  with 
a  median  value  of  about  7.5  urn.  This  range  is  based  on  the  extreme  values  for  all 
generations  (see  Table  4-19).  Baldwin  et  al.  (1991)  reported  values  in  bronchi  ranging 
from  about  5.7  -  6.7  urn  (based  on  means  and  standard  errors,  Table  4-20).  Gehr  (1994, 
Table  A.3)  reported  values  from  about  5-8  urn.  Based  on  this  limited  information,  the 
cilia  layer  thickness  (BB  region)  was  modeled  in  this  study  by  a  triangular  distribution  with 
minimum,  mode,  and  maximum  values  equal  to  4,  7,  and  10  urn,  respectively. 

4.3.4.3.  Sequestered  material  (BB^+BB^ T) 

Sequestered  material  in  the  airway  wall  of  the  BB  region  is  assumed  by  designers 
of  the  ICRP  respiratory  tract  model  (ICRP  1994)  to  reside  in  a  macrophage  layer  in  the 
lamina  propria  (at  a  default  depth  of  5  urn  beyond  the  basement  membrane).  The  only 
values  located  which  helped  to  quantify  the  depth  and  thickness  of  this  layer  were  reported 
by  Baldwin  et  al.  (1991).  They  identified  dust-laden  macrophages,  albeit  a  limited 
number,  in  airway  generations  4-16  and  found  distances  from  these  macrophages  to 
typical  basal  cell  nuclei  to  range  from  about  4-9  urn.  Using  the  difference  in  these 
reported  ranges,  a  thickness  of  about  5  urn  can  be  inferred  for  the  macrophage  layer.  This 
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thickness  is  on  the  order  of  the  diameter  of  the  macrophage  (-10  urn).  A  reference 

thickness  of  10  um  is  adopted  by  the  ICRP  (1994).  Lacking  better  data,  and  noting  the 
ICRP  recommendation,  the  uncertainty  in  the  thickness  of  this  source  region  was  modeled 
by  a  uniform  distribution  with  minimum  and  maximum  values  of  5  and  1 5  um.  Based  on 
the  ranges  cited  above,  the  depth  of  this  layer  with  respect  to  basal  cells  is  about  5  to  10 
jim.  The  ICRP  recommends  a  reference  value  of  5  urn  for  the  depth  with  respect  to  the 
basement  membrane  of  the  epithelium;  this  value  is  reasonable  if  basal  cells  are  located 
approximately  5  um  from  the  basement  membrane.  The  depth  of  the  (sequestered 
material)  macrophage  layer  (with  respect  to  basement  membrane)  was  taken  to  be 
uniformly  distributed  from  0  to  10  um  with  a  mean  of  5  um. 

4.3 .4.4.  Thickness  of  BB  epithelium 

To  compute  the  depth  of  the  sequestered  material  as  well  as  the  range  of  possible 
depths  for  basal  and  secretory  cells,  the  thickness  of  the  BB  epithelium  is  needed.  The 
ICRP  (1994)  recommends  a  default  value  of  55  um  for  the  thickness.  However,  from  the 
data  presented  in  previous  tables,  a  large  discrepancy  is  seen  in  epithelial  thicknesses  for 
airways  in  the  BB  region. 

The  dose  model  assumes  that  source  material  is  uniformly  distributed  with  respect 
to  surface  area  of  the  airways  in  the  region.  Based  on  the  ICRP  reference  man 
morphological  model  listed  in  Table  4-6,  generation  6  represents  the  median  generation 
with  respect  to  surface  area  in  the  BB  region  (i.e.,  half  of  the  surface  area  is  associated 
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with  generations  0  to  6  while  half  is  associated  with  generations  6  to  8).  Therefore,  the 
thickness  of  the  epithelium  in  generation  6  is  most  representative  for  the  BB  region. 

For  generation  6,  Mercer  et  al.  reported  thicknesses  between  about  50  and  58  urn; 
Baldwin  et  al.  reported  a  thickness  of  about  27  urn  (based  on  ciliated  cells);  Gehr  (1994, 
Table  A.3)  reported  preliminary  values  from  27  to  35  urn  for  bronchial  airways  (no 
generations  specified);  and  a  value  between  about  20  and  50  urn  was  deduced  from  results 
of  Gastineau  et  al.  Based  on  these  values,  the  thickness  of  epithelium  in  the  BB  region 
was  modeled  by  a  uniform  distribution  with  a  minimum  value  of  25  urn  and  a  maximum 
value  of  60  urn.  This  distribution  results  in  a  median  value  of  42.5  um  which  is  much  less 
than  the  default  value  of  55  um,  chosen  by  the  ICRP. 

The  consistently  lower  values  of  epithelial  thickness  provided  by  Baldwin  et  al. 
(1991)  lead  one  to  question  whether  shrinkage  or  expansion  of  samples  was  a  factor  in  the 
experimental  protocol.  The  authors  did  perform  tests  to  determine  the  influence  of 
shrinkage  and  found  that  samples  shrunk  by  about  4%;  however,  this  effect  was 
compensated  by  expansion  (-3%)  in  another  aspect  of  the  sample  preparation.  No 
information  was  provided  regarding  shrinkage  or  expansion  corrections  for  results  of 
Mercer  et  al.  (1991).  Gastineau  et  al.  (1972)  addressed  shrinkage  by  calibration 
procedures. 

4.3.4.5.  Bound  material  (BB^ 

For  materials  which  become  chemically  bound  in  the  airway  wall,  the  radionuclide 
concentration  is  assumed  (ICRP  1994,  p.  86)  to  be  uniform  throughout  the  epithelium  and 
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to  a  depth  of  5  urn  beyond  the  epithelium.  Therefore,  the  thickness  of  this  region  is  equal 

to  the  thickness  of  the  epithelium  plus  an  additional  5  urn.  Although  this  bound 
compartment  is  included  in  the  clearance  and  dosimetry  models,  it  only  becomes  important 
when  the  bound  material  fraction  fb  is  greater  than  zero.  As  discussed  in  section  4.2.4,  for 
plutonium  oxides,  fb  =  0;  so  this  source  region  accumulates  no  radioactive  material  and  its 
thickness  is  irrelevant.  For  future  use  with  other  materials,  however,  the  thickness  of  this 
region  was  assumed  to  equal  the  thickness  of  the  epithelium  plus  5  urn  (as  described  by 
the  ICRP  1994).  Uncertainties  in  thickness  are  then  accommodated  by  uncertainties  in  the 
epithelium  thickness  discussed  above. 

4.3.4.6.  Secretory  cell  layer  (BB^J 

Depths  and  thicknesses  of  secretory  cells  in  the  bronchial  epithelium  of  the  BB 
region  have  been  measured  by  Baldwin  et  al.  (1991)  and  by  Mercer  et  al.  (1991).  These 
dimensions  were  summarized  in  Tables  4-20  and  4-21  above.  Baldwin  et  al.  (1991) 
reported  that  the  distances  between  the  epithelial  surface  and  nuclei  of  these  cells  "do  not 
vary  significantly  throughout  the  bronchial  tree  [generations  0  to  16]."  Measurements  by 
Mercer  et  al.  (1991)  indicate  that  secretory  cell  nuclei  are  located  throughout  the  bronchial 
epithelium-except  that  these  nuclei  were  not  generally  seen  within  a  few  microns  of  either 
the  epithelial  surface  or  the  basement  membrane.  Baldwin  et  al.  (1991)  reported  values  of 
about  10  to  7  urn  (generations  1  to  7)  for  the  average  depth  (to  surface)  of  nonciliated 
cell  nuclei  in  the  epithelium.  However,  Mercer  et  al.  (1991)  reported  a  minimum  depth  of 
nuclei  of  about  10  urn  in  generations  3  to  6  (5  to  3  mm  diameter)  and  a  depth  of  about  20 
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um  in  generations  6  to  1 1  (3  to  1  mm  diameter).  Based  on  these  measurements,  the  depth 

of  secretory  cell  nuclei  layer  is  modeled  by  a  uniform  distribution  spanning  5  to  15  urn 

(median  value  of  10  urn).    The  thickness  of  this  target  layer  is  determined  from  the 

following  expression: 

(thickness  of  BB.J  -  (BB  epithelium  thickness)  -  (depth  of  BB^)  -  (5  urn)       (4-42) 

where  5  urn  is  subtracted  to  agree  with  results  that  secretory  nuclei  were  not  seen  within  a 

few  microns  of  the  basement  membrane.    A  further  constraint  on  the  thickness  is  that  it  be 

at  least  5  urn  (roughly  the  diameter  of  the  cell  nucleus).  The  ICRP  (1994)  suggests 

reference  values  of  10  urn  for  the  depth  and  30  urn  for  the  thickness  of  this  target  tissue. 

Using  the  distribution  above  results  in  a  median  thickness  of  about  30  urn  and  a  median 

depth  of  10  urn;  both  agree  with  ICRP  recommendations. 

4.3.4.7.  Basal  cell  layer  fBBbJ 

According  to  measurements  by  Gastineau  et  al.  (1972)  the  basal  layer  thickness 
ranged  from  5  to  15  urn,  and  the  thickness  of  the  layer  did  not  change  significantly 
throughout  the  bronchial  region  (generations  1  to  8).  Mercer  et  al.  (1991)  indicated  the 
thickness  of  the  basal  cell  layer  (nuclei)  to  be  about  15  urn  for  generations  4  to  1 1  (airway 
diameters  5  to  1  mm);  their  results,  although  numerically  different  from  Gastineau  et  al., 
also  indicate  that  the  thickness  is  relatively  constant  throughout  the  bronchial  region. 
Similar  to  secretory  cell  nuclei,  no  basal  cell  nuclei  were  reported  within  a  few  microns  of 
the  basement  membrane  by  Mercer  et  al.     Baldwin  et  al.  (1991)  reported  a  relatively 
constant  average  depth  of  basal  cell  nuclei  to  about  25  urn  for  generations  lto  7.  Based 
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on  these  limited  data,  the  thickness  of  the  basal  cell  nuclei  layer  is  modeled  by  a  uniform 
distribution  between  10  and  20  microns.  The  depth  of  the  basal  layer  with  respect  to  the 
epithelium  surface  is  assumed  to  be  given  by: 

(depth  of  BB„J  =  (BB  epithelium  thickness)  -  (BB,^  thickness)  -  5  urn         (4-43) 
where  the  5  urn  term  is  included  to  account  for  the  fact  that  nuclei  were  not  observed 
within  a  small  distance  of  the  basement  membrane  (Mercer  et  al.  1991).  A  constraint 
included  in  the  methodology  is  that  the  depth  be  at  least  5  urn  into  the  epithelium.  The 
ICRP  (1994)  has  suggested  a  depth  of  35  urn  and  a  thickness  of  15  (am  for  the  basal  cell 
nuclei  layer.  A  median  epithelium  thickness  of  45  urn  (above)  and  median  basal  cell 
(nuclei)  layer  thickness  of  15  urn  results  in  a  median  basal  nuclei  depth  of  about  25  urn 
using  Eq.  4-43.  This  value  agrees  with  the  results  of  Baldwin  et  al.  (1991)~average  basal 
cell  nucleus  depth  of  about  25  urn. 

4.3.5.  Bronchiolar  Region 

Source  components  in  the  bronchiolar  (bb)  region  (airway  generations  9  to  15) 
include  radionuclides:  (1)  located  in  the  surface  mucus/gel  layer  (model  compartments:  bb, 
+  bb1T),  (2)  located  in  the  cilia/sol  layer  (bb2+  bb2T),  (3)  sequestered  (e.g.,  by 
macrophages)  in  the  airway  wall  (bbKq+  bb^),  (4)  bound  chemically  in  the  airway  wall 
(bb^,  and  (5)  located  in  the  Al  region  that  can  irradiate  targets  in  the  bb  region  (Al,  + 
AI2  +  AI3  +  AI1T  +  AI2T  +  AI3T  +  Alb,,,,).  The  ICRP  model  assumes  that  radioactive 
material  present  in  these  source  regions  is  uniform  throughout  the  volume  of  the  regions. 
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Radiation  dosimetry  in  the  bb  region  is  computed  for  one  target  tissue,  the 

secretory,  or  Clara,  cell  (nuclei)  layer.  Basal  cells  are  rarely  found  in  the  bronchioles 

(Bartels,  1983;  Mercer  et  al.,  1991)  and  are  not  included  as  targets  in  the  bb  region.  The 

geometry  of  the  secretory  cell  (nuclei)  layer  (depths  and  thickness  of  layer  in  the 

epithelium)  must  be  specified  for  dosimetry  computations  to  be  performed. 

4.3.5. 1 .  Mucus/gel  layer  (bbt  +  bb1T) 

Gehr  (1994)  reported  a  mucus  layer  thickness  of  2  um  for  a  bronchiole 
(approximately  generation  15);  no  other  values  were  found.  This  value  has  been  adopted 
by  the  ICRP  (1994).  As  an  upper  limit,  the  minimum  value  for  the  mucus  layer  in  the  BB 
region  was  about  4  um.  Uncertainty  in  the  mucus  layer  thickness  is  accommodated  by  a 
uniform  distribution  from  1  to  3  um.  The  measured  value  of  2  um  then  represents  the 
median  value.  The  uncertainty  in  this  thickness  is  not  expected  to  influence  dose 
calculations  significantly  since  the  thickness  is  only  about  5%  of  the  range  of  most  alpha 
particles  (based  on  a  5  MeV  particle  in  soft  tissue). 

4.3.5.2.  Cilia/sol  layer  fbh:  +  bb,^ 

The  thickness  of  the  cilia  (or  sol)  layer  in  the  bb  region  is  smaller  than  the  thickness 
for  larger  airways.  Baldwin  et  al.  (1991)  reported  an  average  value  of  5.6  um  for  the  cilia 
height  in  generations  7  to  16.  Gehr  (1994,  Table  A.2)  recently  reported  values  of  4  to  5 
um  in  generation  1 5  bronchioles.  Based  on  this  limited  information,  the  cilia  layer 
thickness  (BB  region)  is  modeled  by  a  uniform  distribution  with  minimum  and  maximum 
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values  equal  to  3  and  6  um,  respectively.  The  ICRP  has  adopted  a  value  of  4  urn  for  the 

thickness  of  the  cilia  region. 

4.3.5.3.  Sequestered  material  (bry,,  +  bb^T) 

Sequestered  material  in  the  airway  wall  of  the  bb  region  is  assumed  by  designers  of 
the  ICRP  respiratory  tract  model  to  reside  in  a  (5  um  thick)  macrophage  layer  in  the 
lamina  propria  (at  a  depth  of  5  um  beyond  the  basement  membrane).  As  reported  above, 
Baldwin  et  al.  (1991)  identified  a  limited  number  of  dust-laden  macrophages  in  airway 
generations  4  to  16  and  found  distances  from  these  macrophages  to  basal  cell  nuclei  to 
range  from  4  to  9  um  (typical  basal  cells).  Using  the  difference  in  these  reported  ranges,  a 
thickness  of  about  5  um  can  be  inferred  for  the  macrophage  layer  and  a  distance  from 
basal  cells  is  about  4  to  10  um.  Lacking  additional  data,  the  uncertainty  in  the  thickness  of 
this  source  region  is  modeled  by  a  uniform  distribution  with  minimum  and  maximum 
values  of  4  and  10  um,  respectively.  The  depth  of  the  (sequestered  material)  macrophage 
layer  with  respect  to  the  basement  membrane  is  represented  by  a  uniform  distribution  with 
minimum  and  maximum  of  0  and  10  um,  respectively. 

4.3.5.4.  Thickness  of  epithelium  in  bb  region 

To  compute  the  depth  of  the  sequestered  material  as  well  as  the  range  of  possible 
depths  for  secretory  cell  nuclei  (target  layer),  the  epithelium  thickness  in  the  bb  region  is 
needed.  The  ICRP  (1994)  has  recommended  a  default  value  of  15  um  for  the  thickness. 
Gastineau  et  al.  (1972)  observed  a  range  of  5  to  30  um  (15  um  median)  for  the  thickness 
of  the  epithelium  in  bronchioles;  Baldwin  et  al.  (1991)  reported  an  average  value  of  about 
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20  um  for  generations  7  to  16;  Mercer  et  al.  (1991)  reported  a  thickness  of -10  urn  for 

terminal  bronchioles;  and  Gehr  (1994,  Table  A.2)  reported  a  value  of  16  urn  for 
generation  15  (approximately  terminal  bronchioles).  Based  on  these  values,  the  thickness 
of  epithelium  in  the  bb  region  is  modeled  by  a  uniform  distribution  with  a  minimum  value 
of  10  urn  and  maximum  value  of  20  urn.  This  distribution  results  in  a  median  value  of  15 
Urn  which  agrees  with  the  default  value  chosen  by  the  ICRP  (1994). 

4.3.5.5.  Bound  material  fBBbnJ) 

For  radioactive  material  which  becomes  chemically  bound  in  the  airway  wall,  the 
concentration  is  assumed  (ICRP  1994,  p.  86)  to  be  uniform  throughout  the  epithelium  and 
to  a  depth  of  5  urn  beyond  the  epithelium.  Therefore,  the  thickness  of  this  region  is  equal 
to  the  thickness  of  the  epithelium  and  an  additional  5  urn.  Although  this  bound 
compartment  is  included  in  the  clearance  and  dosimetry  models,  it  only  becomes  important 
when  the  fraction  fb  is  not  zero.  In  this  research  (applied  to  plutonium  oxides),  fb  =  0;  and 
the  bound  region  is  neglected.  However,  for  future  work,  the  uncertainty  in  the 
dosimetry/geometry  aspect  of  this  source  compartment  is  assumed  to  be  accommodated 
by  the  uncertainty  in  the  thickness  of  the  epithelium. 

4.3.5.6.  AI  (AI,±AI?±AI1±AI.T±AI,T+AI;,T+AIt_.^  as  a  source  for  bb  target  layers 
Tissues  between  alveoli  and  bronchioles  are  thin  enough  to  allow  some  energy 

from  alpha  particles  originating  in  the  AI  region  to  be  absorbed  in  secretory/Clara  cells  in 
the  bronchiolar  region.  The  tissue  separating  the  alveolar  interstitium  and  the  basement 
membrane  of  the  bronchiolar  epithelium  is  termed  the  subepithelial  layer  by  the  ICRP 
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(1994);  this  layer  includes  the  lamina  propria,  connective  and  musculature  tissues.  Few 

measurements  were  found  for  the  thickness  of  this  layer.  Mercer  et  al.  (1991,  p.  122) 

reported  a  value  of  1 1.2  ±  4  urn  (mean  ±  SE,  N=3)  for  the  "thickness  of  the  interstitial 

space  between  the  airway  epithelium  and  the  adjacent  alveoli  of  human  bronchioles." 

Based  on  preliminary  values  ranging  from  12  to  75  urn,  Gehr  (1994)  recommended  a 

value  of  20  urn  for  the  subepithelial  layer  thickness.  As  a  result  of  Gehr's  work,  the  ICRP 

(1994)  has  recommended  a  thickness  of  20  urn.  This  thickness  represents  a  very 

important  parameter  for  relatively  insoluble  radioactive  material  deposited  in  the  AI  region 

because  biological  clearance  from  this  region  is  slow.  For  radiations  that  can  penetrate  the 

subepithelial  layer,  the  AI  region  can  add  significantly  to  the  dose  in  the  bb  region.  Based 

on  the  very  limited  data,  the  thickness  of  the  subepithelial  layer  is  modeled  by  a  uniform 

distribution  with  minimum  and  maximum  values  of  10  and  30  urn.  The  upper  value  of  30 

urn  was  selected  for  this  distribution  for  two  reasons.  First,  this  value  results  in  an 

average  value  of  20  urn,  which  agrees  with  the  ICRP  recommendation.  Second,  the 

values  above  reported  by  Gehr  (1994)  were  preliminary-choosing  a  smaller  value  is  more 

conservative  (with  respect  to  dose)  since  more  energy  can  reach  the  bb  target  tissues  from 

the  AI  source  components.  No  other  guidance  for  selecting  any  other  value  was  found. 

4.3.5.7.  Secretory/Clara  cell  layer  fbb„cc) 

Depths  and  thicknesses  of  secretory  cells  in  the  bronchial  epithelium  of  the  bb 
region  have  been  measured  by  Baldwin  et  al.  (1991)  and  by  Mercer  et  al.  (1991).  These 
measurements  were  summarized  in  Tables  4-20  and  4-21  above.  Baldwin  et  al.  (1991) 
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reported  a  value  of  about  6  to  7  um  (generations  7  to  16)  for  the  average  depth  (to 

surface)  of  nonciliated  cell  nuclei  in  the  epithelium.  Mercer  et  al.  (1991)  reported  a 

minimum  depth  of  secretory  cell  nuclei  of  about  of  about  2  um  in  terminal  bronchioles 

(approximately  generation  15).  Based  on  these  measurements,  the  depth  of  secretory  cell 

nuclei  layer  is  modeled  by  uniform  distribution  from  2  to  7  um  (median  value  of  roughly 

4  um).  The  thickness  of  this  target  layer  is  assumed  to  be: 

(thickness  of  bb^)  =  (bb  epithelium  thickness)  -  (depth  of  bb^)  -  (2  um)       (4-44) 

where  2  um  is  subtracted  to  agree  with  observations  (Mercer  et  al.  1991)  that  secretory 

nuclei  were  not  seen  within  a  couple  of  microns  of  the  basement  membrane.    Since  the 

maximum  thickness  of  the  epithelium  is  taken  to  be  10  um,  the  possibility  exists  for  a 

value  of  zero  to  be  sampled  for  the  thickness  of  the  secretory  layer.  A  constraint 

implemented  in  the  present  study  is  that  the  thickness  be  at  least  4  um  (roughly  the 

diameter  of  the  secretory  cell  nucleus).  The  ICRP  (1994)  suggested  values  of  4  um  for 

the  depth,  8  um  for  the  thickness,  and  3  um  for  the  distance  from  the  basement  membrane. 

4.3.6.  Surface  Area  of  Bronchial  and  Bronchiolar  Regions 

Surface  area  of  airways  in  the  bronchial  (BB)  and  bronchioar  (bb)  regions  are 
needed  to  estimate  the  volumes  of  source  regions.  Volumes  are  estimated  by  the  product 
of  the  source  region  thickness  and  the  regional  surface  area.  For  example,  the  volume  of 
the  mucus/gel  layer  in  the  BB  region  is  equal  to  the  product  of  the  mucus  thickness  in  that 
region  and  the  surface  area  of  airways  comprising  generations  Ito  8.  The  trachea 
(generation  0)  is  not  included  in  the  dose  aspect  of  the  model  (per  ICRP  [1994] 
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recommendations)  since  it  is  relatively  resistant  to  radiation  damage.  Typical  values  for 
the  surface  area  of  airways  were  given  in  Table  4-4  for  reference  adult  male. 

To  account  for  age  and  gender  effects,  the  equations  previously  listed  in  Table  4-5 
for  airway  lengths  and  diameters  have  been  used  to  compute  surface  area  (assuming 
cylindrical  geometry)  with  a  range  of  values  for  height  (75  to  200  cm).  These  equations 
represent  average  airway  dimensions  for  a  given  body  height.  The  resulting  relationships 
between  surface  area  and  height  are  shown  graphically  in  Figures  4-17  and  4-18  for  the 
BB  and  bb  regions,  respectively.  Using  linear  fitting  (method  of  least  squares),  polynomial 
curves  have  been  estimated  for  the  data.  The  regression  equations  provide  estimates 
forthe  average  surface  area  given  the  body  height.  To  account  for  variability  in  the  surface 
area  in  these  regions  which  is  not  explained  by  the  regression  on  height,  a  random  error 
term,  E(SA),  has  been  included  in  the  methodology.  This  error  term  is  assumed  to  have  a 
lognormal  distribution  with  geometric  mean  of  1.0  and  geometric  standard  deviation  of 
1.1.  The  product  of  the  error  term  and  the  value  predicted  by  the  regression  expression 
gives  the  value  of  the  surface  area  for  a  specific  realization.  As  an  example,  given  a  height 
of  175  cm  (typical  adult  male),  these  methods  yield  a  95%  confidence  interval  for  surface 
area  of  the  BB  region  of  about  235  to  350  cm2 ;  for  the  bb  region  the  interval  is  about 
2000  to  2900  cm2. 
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Figure  4-17.  Surface  area  (SA)  of  the  bronchial  (BB)  region  (not  including  trachea)  as  a 
function  of  height.  Based  on  symmetrical,  dichotomously  branching,  cylindrical  airways 
with  dimensions  estimated  by  equations  in  Table  4-5. 
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Figure  4-18.  Surface  area  (SA)  of  the  bronchiolar  (bb)  region  as  a  function  of  height. 
Based  on  symmetrical,  dichotomously  branching,  cylindrical  airways  with  dimensions 
estimated  by  equations  in  Table  4-5. 
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4.3.7.  Alveolar-Interstitial  Region 

The  tissues  in  the  alveolar-interstital  (AI)  region  are  very  thin.  For  example,  Gehr 
(1994)  reported  a  mean  value  for  the  (alveolar)  tissue  barrier  in  the  gas  excha.  ,»e  region  of 
the  lung  as  2.2  um  for  humans  (based  on  measurements  from  8  individuals).  Because 
tissues  are  thin  compared  to  the  range  of  alpha  particles  (on  the  order  of  10's  of  microns  in 
soft  tissue),  the  energy  absorbed  by  target  tissues  (Type  II  epithelial  cells)  in  the  AI  region 
is  assumed  to  be  uniform  throughout  the  region.  Dose  in  the  AI  region  is  computed  as  the 
total  energy  deposited  in  the  AI  region  divided  by  the  mass  of  the  AI  region.  Parameters 
describing  tissue  dimensions  in  this  region  are  not  needed.  However,  variabilities  in  the 
mass  of  the  AI  region  are  needed. 

The  mass  of  the  AI  region  is  needed  to  compute  radiation  doses  in  AI  tissues.  The 
mass  of  the  AI  region  includes  all  alveolar-interstitial  tissues  and  the  blood.  Associated 
lymph  nodes  are  not  included  in  the  AI  mass;  lymph  nodes  are  treated  as  separate  targets 
in  the  dose  model.  On  a  mass  basis  the  AI  region  is  much  larger  than  the  BB  and  bb 
regions.  The  ICRP  (1975,  Table  69)  estimated  the  total  weight  of  the  tracheo-bronchial 
structure  of  the  airways  (trachea  to  terminal  bronchioles)  to  be  about  40  g.  Without  the 
trachea  the  value  was  approximately  30  g.  This  weight  is  <  3%  of  the  average  total  lung 
mass  (i.e.,  1 100  g)  reported  for  adult  males  (ICRP  1975,  Table  65).  Based  on  this 
information,  the  AI  region  mass,  M^,  is  assumed  to  equal  the  total  lung  mass,  M,^. 
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4.3.8.  Total  Lung  Mass 

Using  data  reported  in  ICRP  Publication  23  (1975,  Table  65),  Walker  (1991) 
recently  suggested  an  empirical  model  describing  postnatal  growth  of  the  lungs.  The 
model  provided  a  good  fit  to  the  ICRP  data  and  is  used  to  predict  average  lung  mass  as  a 
function  of  age  and  is  given  for  males  as 


M(X)  =  0.050  +0.297  [1  -exp  (-0.033  X]  + ^± (4-45) 

[1  +  exp  (  -0.028  (X  -  198  .200  ))] 

and  for  females  as 


0  770 
M(X)= -0.035  +0.185  [I -exp  (-0.051  X]  + ^^ (4-46) 

[1  +  exp  ( -0.014  (X  -  144  .900  ))] 

where  0  *  X  <;  X,^^  for  both  expressions;  X  is  the  age  in  months  after  birth;  X^,,^  is 
the  age  when  the  lungs  reach  their  mature  size;  and  M  is  the  average  lung  mass  given  in 
kg.  The  value  for  Xmamrily  is  taken  to  be  360  months  since  observed  values  of  lung  mass 
increase  at  least  up  to  this  age  (age  interval  of  20-40  years  showed  an  increase  compared 
to  19-20  years).  Equations  4-45  (males)  and  4-46  (females)  are  plotted  in  Figure  4-19 
along  with  data  from  ICRP  Pub.  23  (1975,  Table  65).  The  data  points  represent  average 
values  at  given  ages.  Walker  (1991)  examined  residuals  of  the  models  for  both  sexes  and 
found  model  errors  to  be  about  10%.  In  discussing  the  model,  the  Walker  stressed  that 
the  models  are  representative  of  reference  individuals  only  and  that  using  the  model  for 
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Figure  4-19.  Total  (blood-filled)  lung  mass  as  a  function  of  age  for  (a)  males  and  (b) 
females.  Data  are  from  ICRP  (1975,  Table  65).  Curves  represent  empirical  models  by 
Walker  (1991). 
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"estimating  lung  mass  sizes  of  average  individuals  in  today's  population  will  introduce 

secular,  genetic,  and  geographical  biases."  However,  these  are  still  the  best  models 

available  for  estimating  lung  mass  to  perform  this  study. 

In  the  present  study  the  empirical  models  above  (Eqs.  4-31  and  4-32)  are  used  to 

provide  estimates  for  mean  lung  mass  given  the  age  and  gender  of  a  specified  population 

class  (e.g.,  6  year  old  males).  Latin  hypercube  sampling  techniques  are  then  used  to  select 

an  error  term,  denoted  by  E,,,^  which  is  used  to  produce  variability  about  that  mean  value. 

The  error  term  is  assumed  to  be  normally  distributed  with  a  mean  value  0  and  a  standard 

deviation  equal  to  10%  of  the  mean  lung  mass  estimated  from  the  expression.  The  model 

then  adopted  in  this  work  for  the  total  lung  mass  is: 

M^X)  =  MPOni+EhJ  (4-47) 

where  M(X)  is  given  by  Eq.  4-45  or  4-46  as  appropriate. 

4.3.9.  Mass  of  Lymph  Nodes 

Lymph  nodes  in  general  have  been  found  to  be  relatively  resistant  to  radiation- 
induced  cancers  (Masse  and  Cross,  1994).  Consequently,  the  radiation  doses  delivered  to 
lymph  nodes  associated  with  extrathoracic  (ET)  and  thoracic  (TH)  regions  have  been 
assigned  regional  weighting  factors  of  0.001  by  the  ICRP  (1994)  for  purposes  of  summing 
lung  regions  in  order  to  estimate  an  overall  lung  dose.  The  masses  of  these  tissues  are 
derived  for  a  subject  by  scaling  the  value  reported  for  reference  man  in  ICRP  Publication 
23  (ICRP  1975)  to  the  lung  mass  (1 100  g  for  reference  man).  In  that  publication  a  value 
of  15  g  was  assumed  for  lymph  nodes  associated  with  ET  and  thoracic  (TH)  regions. 
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Both  ET  and  TH  lymph  node  masses,  denoted  here  as  M^  since  they  are  assumed  equal, 
are  estimated  in  this  methodology  as: 

MtN  =  (0.015/l.l)*Mtat  (4-48) 

where  M^  (in  kg)  is  determined  from  Eq.  4-47.  Besides  incorporating  the  variability  in 
the  lung  mass  for  a  given  age/gender  group,  no  additional  steps  are  taken  to  model 
variability  in  lymph  node  masses  since  they  are  relatively  radio-resistant. 

4.3.10.  Regional  Risk- Apportionment  Factors 

Regional  risk  apportionment  factors  are  required  to  compute  overall,  combined 
organ  equivalent  doses  for  the  extrathoracic  and  thoracic  (lung)  regions.  These  doses, 
along  with  the  associated  apportionment  factors,  were  defined  in  Chapter  2  (i.e.,  section 
2.7,  Eqs.  2-15  and  2-16).  The  overall,  combined  (effective)  lung  dose  is  needed  to 
compute  the  committed  effective  dose  equivalent,  CEDE,  (USNRC,  1992)  and  the 
effective  (whole  body)  dose  equivalent,  HE  (ICRP,  1991). 

In  this  study,  the  default  values  reported  in  ICRP  Publication  66  (ICRP,  1994) 
have  been  adopted  for  ET  regions  since  these  regions  are  generally  insensitive  to  radiation 
damage.  For  the  thoracic  regions  the  approach  suggested  by  Birchall  and  James  (1994) 
has  been  used  to  accommodate  uncertainties  in  the  regional  risk  apportionment  factors. 
Let  WBB  represent  relative  sensitivity  of  the  BB  region  to  the  total  tracheobronchial  region 
(BB+bb)  so  that 


^-^j  «"■» 
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Further,  note  that  the  BB  region  possesses  two  target  regions,  the  basal  cell  nuclei  and  the 
secretory  cell  nuclei  layer.  Therefore,  the  apportionment  factor  for  the  BB  region, 
denoted  A^,  is  actually  the  sum  of  two  apportionment  factors  for  these  two  targets. 
Denoting  the  apportionment  factor  for  the  BB  basal  cell  layer  as  ABB(bMal)  and  for  the  BB 
secretory  cell  layer  as  Ab^^^^,,  the  following  relationship  must  then  hold: 

Let  W,^  represent  the  fraction  A^  that  is  assigned  to  the  BB  basal  cell  nuclei  layer. 

W^  =  %«  (4-51) 

ABB 

Therefore,  if  values  are  specified  for  A^  (AI  region  apportionment  factor),  WBB,  and 
W,^,  the  remaining  apportionment  factors  can  be  computed  as  follows: 

Abb  "  Wbb*0  "Aai)  (4-52) 

ABB(h«D  =  W^.A^  =  W^.W^O  -  A^)  (4-53) 

A^-*  =  0   -W^)*Abb  =  d-WJ^d-A^)  (4-54) 

Ak>  =  0-W.W1-AJ  (4-55) 

This  approach  for  estimating  apportionment  factors  accounts  for  correlations  between 
factors  and  also  satisfies  the  constraint  that  the  sum  of  A^,  Ay,,  and  A^  be  unity. 

For  the  AI  apportionment  factor,  A^,  Birchall  and  James  (1994)  suggested  a 
uniform  distribution  with  minimum  and  maximum  equal  to  0  and  0.666  (this  distribution 
results  in  a  mean  value  of  0.333  for  A^-the  reference  value).  For  factor  WBB  a  uniform 
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distribution  from  0  to  1  was  suggested.  This  distribution  reflects  total  lack  of  knowledge 

as  to  which  region,  BB  or  bb,  is  more  sensitive  to  radiation  damage.  For  ty^  a  uniform 

distribution  from  0  to  1  was  suggested.  This  distribution  similarly  reflects  a  total  lack  of 

knowledge  regarding  which  cells,  basal  or  secretory,  are  most  sensitive  in  the  bronchial 

epithelium.  Use  of  these  distributions  results  in  mean  values  that  are  consistent  with  the 

ICRP  reference  values  for  the  apportionment  factors  (e.g.,  see  Table  2-8). 

4.3. 1 1 .  Summary  of  Methods  for  Dose  Model  Parameters 

Summaries  of  the  methods  used  to  estimate  uncertainties  in  dose  model  parameters 
are  presented  in  Tables  4-22  and  4-23.  Table  4-22  focuses  on  source  and  target  tissue 
dimensions-depths  and  thickness  of  the  regions.  Table  4-23  focuses  on  regional  surface 
areas,  volumes,  and  masses  of  various  source  and  target  regions.  Table  4-24  presents 
distributions  for  apportionment  factors  and  related  parameters  defined  to  accommodate 
correlations. 
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Table  4-22.  Summary  of  distributions  used  to  model  uncertainty  in  source  and  target 
tissues  dimensions  in  the  BB  and  bb  regions. 


Region/Source/Target 

Equivalent 
Compartment 

Dimension 

Distribution 
(parameters)* 

ICRP 

Defaulf-b 

BB  Reeion: 

Mucus/Gel  Layer 

BBj  +  BBjt 

Thickness 

Triangular  (4,  6,  8) 

5 

Cilia/Sol  Layer 

BB2  +  BB2T 

Thickness 

Triangular  (4,7.5,10) 

6 

Sequestered  Material 

BB^  +  BB^ 

Thickness 
Depth0 

Uniform  (5,  15) 
Uniform  (0,10) 

10 

5 

BB  Epithelium,  BB^ 

Thickness 

Uniform  (25, 60) 

55 

Bound  Material  Layer 

BB^ 

Thickness 

(BB^  +  Sum) 

60 

Basal  Cell  Nuclei 
Layer 

(Target  tissue) 

Thickness 
Depthd 

Uniform  (10, 20) 
see  note  (e) 

15 

35 

Secretory  Cell  Nuclei 
Layer 

(Target  tissue) 

Depthd 
Thickness 

Uniform  (5, 15) 
see  note  (f) 

10 

30 

bb  Region: 

Mucus/Gel  Layer 

bb,  +  bb1T 

Thickness 

Uniform  (1,3) 

2 

Cilia/Sol  Layer 

bb2  +  bb2T 

Thickness 

Uniform  (3,  6) 

4 

Sequestered  Material 

bb^+bb.^ 

Thickness 
Depth0 

Uniform  (4,  10) 
Uniform  (0,  10) 

5 
5 

bb  Epithelium,  bb^ 

Thickness 

Uniform  (10, 20) 

15 

Bound  Material  Layer 

bb^ 

Thickness 

bbeptfuc  +  5  um 

20 

Subepithelial  Layer 

Thickness 

Uniform  (10, 40) 

20 

Secretory  (or  Clara) 
Cell  Nuclei  Layer 

(Target  tissue) 

DepuV 
Thickness 

Uniform  (2,  8) 
see  note  (f) 

4 
8 

a  All  parameters  have  units  of  microns.  For  uniform  distributions  parameters  represent 

minimum  and  maximum  values;  for  triangular  distributions  parameters  represent 

minimum,  mode,  and  maximum  values,  respectively. 
b  Values  suggested  in  ICRP  Publication  66  (ICRP  1994);  for  comparison. 
c  Depth  with  respect  to  basement  membrane  of  epithelium. 

Depth  with  respect  to  epithelium  surface  (lumen  surface,  excluding  mucus  and  cilia). 
e  Depth  =  (Epithelium  Thickness)  -  (Basal  Nuclei  Layer  Thickness)  -  5  um. 
f  Thickness  =  (Epithelium  Thickness)  -  (Secretory  Nuclei  Layer  Depth)  -  X,  where 

X  =  5  um  for  BB  region  and  X  =  2  um  for  bb  region;  minimum  thickness  of  5  um. 


230 


Table  4-23.  Summary  of  methods  to  model  uncertainties  in  source  and  target  tissue 
volumes  and  masses. 


Quantity 


Relationship 


Distribution/Comments 


SA  for  BB  Region  SA(BB)  =  SAmean(BB)*SAOTOr3B  SAmom(BB)  =  4.771xlO-3Ht2 

(Units:  cm2,  Ht  in  cm)  +6.314x10-'  Ht  + 2.934x10' 

s  A.mx.BB  -Lognormal  (1,1.1) 


SA  for  bb  Region 
(Units:  cm2,  Ht  in  cm) 


SA(bb)  =  SAmMn(bb)*SA0 


r.bb 


SA^ftb)  =  6.866*Ht  +  1220 
SA«ror.bb  -Lognormal  (1, 1.1) 


Volume  of  source 
tissues  in  BB  and  bb 
regions  (Units:  cm3) 


V  =  SA(BBorbb)*Sthk 

Sthk  (cm)  =  thickness  of  source  layer 


Variability  accomodated  by 
uncertainties  in  SA  and  Sthk. 
See  Table  4-22  for  Sthk. 


Mass  of  target  tissues      MBB  y,  =  SA(BB  or  bb)*Tthk*  p,, 
in  BB  and  bb  regions       Tthk  (cm)  =  thickness  of  target  layer 
(Units:  kg)  p^  =  tissue  density  (kg/cm3) 


Variability  accommodated  by 
uncertainties  in  SA  and  Tthk. 
See  Table  4-22  for  Tthk 


Mass  of  AI  region 
(Units:  kg) 


Mass  of  Lymph 
Nodes  (Units:  kg) 


MAI=Mlung  =  M(X)*(l+EluiJ 


M^  =  (0.015/1.  l)*Mlung 
X  =  age  (months) 


M(X)  given  by  Eqns. 
4-45  and  4-46  in  text. 
Elung -Normal  (0,0.1) 


Notes:  Ht  =  body  height  (cm);  SA  =  surface  area  (cm2);  Distribution  parameters  indicate 
(mean,  standard  deviation)  for  normal  and  (geometric  mean,  geometric  standard  deviation) 
for  lognormal  distributions. 


Table  4-24.  Summary  of  distributions  and  relationships  used  to  model  uncertainties  in  risk 
apportionment  factors. 


Quantity 


Sensitivity  ratio  of  BB:(BB+bb) 
Sensitivity  ratio  of  BB^BB 
AI  Apportionment 
BB(basal)  Apportionment 
BB(secretory)  Apportionment 
bb  Apportionment 


VV 
W, 


basal 


Symbol Distribution  or  Relationship 

WBB  -Uniform  (0,  1) 
W^  -Uniform  (0,  1) 
AM      -Uniform  (0,  0.666) 

ABB(b«aI)  ABB(biMl)  =  WbiM,*WBB*(l-AAI) 

ABB(Kcretory)  AgBOeoetoiy)  =  ( 1  "Wb.^,)*  WBB*(  1  -A^) 

A* Au,  =  (l-W^O-A^) 


VAI 


Note:  Distribution  parameters  indicate  (minimum,  maximum)  for  uniform  distributions. 
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CHAPTER  5 
APPLICATION  OF  LUDUC  TO  INHALED  PLUTONIUM  OXIDE  AEROSOLS: 

RESULTS  AND  DISCUSSION 


51.  Introduction 

A  methodology  for  quantifying  uncertainties  in  radiation  doses  to  the  respiratory 
tract  has  been  discussed  in  previous  chapters.  The  methodology  is  based  on  conducting 
parameter  uncertainty  analyses  using  the  revised  ICRP  respiratory  tract  model  (ICRP, 
1994)  within  the  scope  of  specified  exposure  scenarios.  Exposure  scenarios  of  interest 
were  presented  in  Chapter  1.  All  of  the  methods  presented  in  previous  chapters  have  been 
implemented  in  a  probabilistic  computer  code,  LUDUC  (for  LUng  Dose  Uncertainty 
Code;  discussed  in  section  3.6),  which  has  been  developed  during  the  course  of  this  study. 
The  program  LUDUC  uses  random  sampling  techniques  along  with  parameter 
distributions  and  relationships  discussed  in  Chapter  4  to  solve  the  respiratory  tract  model  a 
specified  number  of  times  (trials).  The  purpose  of  this  chapter  is  to  demonstrate  LUDUC 
by  application  to  exposure  scenarios  involving  inhalation  of  plutonium  oxide  aerosols. 
Plutonium  oxide  was  selected  since  results  for  population  dose  uncertainty  can  benefit  an 
ongoing  dose  reconstruction  study  of  releases  from  the  Rocky  Flats  nuclear  weapons 
facility  in  Colorado. 

In  this  chapter  equivalent  dose  uncertainties  are  examined  for  the  five  target 
regions  of  the  lungs  (described  in  Chapter  2)  and  for  the  combined,  or  total,  lung 
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(weighted  sum  of  the  target  regions;  see  Eq.  2-16).  The  five  target  regions  include:  (1) 
the  secretory  cell  nuclei  layer  in  the  bronchial  epithelium,  denoted  as  BB^;  (2)  the  basal 
cell  nuclei  layer  in  the  bronchial  epithelium,  denoted  BB^;  (3)  the  secretory  cell  nuclei 
layer  of  the  bronchiolar  epithelium,  denoted  as  bb^;  (4)  the  total  mass  of  the  alveolar- 
interstitial  region,  AI;  and  (5)  the  total  mass  of  the  thoracic  lymph  node  region,  LNth. 
The  following  nine  age/gender  population  groups  were  included  in  the  investigation  of 
plutonium  oxide:  2-year  olds,  5-year  olds,  10-year  olds  ,15  year-old  females,  15  year-old 
males,  18-24  year-old  females,  18-24  year-old  males,  25-34  year-old  females,  and  25-34 
year-old  males.  The  2-,  5-,  and  10-year  old  groups  were  based  on  males,  although  gender 
has  very  little  influence  on  model  parameters  at  these  ages.  For  each  age/gender  group, 
equivalent  doses  have  been  computed  at  the  four  broad  physical  exertion  levels  discussed 
in  previous  chapters  (e.g.,  section  4. 1.8.2).  These  levels  were  defined  as  resting 
(sleeping),  sitting  (awake),  light  exertion,  and  heavy  exertion.  Doses  were  examined  for  a 
range  of  aerosol  particle  diameters  from  0.1  to  50  urn.  Unless  otherwise  stated,  all  doses 
were  integrated  over  50  years  post  intake  for  adults  (age  >  18  years  old)  or  70  years  for 
children  (<  18  years),  where  an  acute  intake  was  assumed  to  simplify  solution  to 
differential  equations  (listed  in  Appendix  B). 

Methods  employed  to  model  deposition  of  aerosol  particles  in  the  respiratory  tract 
assumed  electrostatically  neutral,  nonhygroscopic,  and  nonfibrous  aerosol  particles. 
Hygroscopicity  refers  to  the  tendency  of  particles  to  increase  in  size  upon  entering  the 
human  respiratory  tract  due  to  the  absorption  of  water  molecules  from  the  saturated  air. 
Generally,  if  the  particle  material  is  soluble  in  water,  it  is  hygroscopic.  Although 
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techniques  are  suggested  elsewhere  (e.g.,  James  et  al.,  1994b,  pp.  283-291)  to  deal  with 

hygroscopic  aerosols,  they  were  not  implemented  in  this  work.  Aerosol  particles 
composed  solely  of  Pu02  meet  the  condition  of  nonhygroscopicity.  Most  host  particles 
(e.g.,  dust  particles)  to  which  Pu02  might  attach  in  the  outdoor  environment  are  likely  to 
be  non-hygroscopic  as  well,  since  hygroscopic  materials  are  generally  removed  from 
topsoil  by  percolation  of  rain  water. 

5.2.  Characteristics  of  "^uO-,  Aerosols 
Plutonium  oxide,  239Pu02,  was  selected  to  demonstrate  the  methodology 
developed  in  this  study  for  two  reasons.  First,  ^uOj  possesses  a  combination  of  nuclear 
and  chemical  characteristics  that  makes  it  a  radiological  hazard  to  the  lungs  if  inhaled  in 
sufficient  quantities.  Second,  historical  exposures  to  239Pu02  -laden  aerosols  are  currently 
under  investigation  for  residents  living  near  the  Rocky  Flats  Plant  (  a  U.S.  nuclear 
weapons  complex  located  near  Denver,  Colorado).  Methods  are  needed  to  account  for 
uncertainties  in  radiation  doses  to  the  lungs  of  members  of  population  groups  which  have 
inhaled  239Pu02-laden  aerosol  particles.  Based  on  a  parameter  uncertainty  analysis  of  the 
revised  ICRP  lung  model  (ICRP,  1994),  LUDUC  has  been  used  to  estimate  numerical 
probability  distributions  in  lung  dose  (per  activity  exposure)  for  population  groups. 

The  radionuclide  ^u  decays  primarily  by  alpha  emission  over  99%  of  the  time;  it 
has  a  half  life  of  approximately  24,400  years  and  an  average  alpha  particle  energy  of  5. 15 
MeV.  Alpha  particles  are  roughly  twenty  times  more  effective  than  gamma  rays  or  beta 
particles  in  producing  biological  effects  in  living  cells  (ICRP,  1991a).  Concerning 
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chemical  characteristics,  the  oxide  form  of  239Pu  is  relatively  insoluble  in  lung  tissues.  If 

deposited  in  the  pulmonary  region  of  the  lungs,  plutonium  oxides  clear  very  slowly  (with 
biological  half-lives  of  years),  primarily  by  macrophage  transport  to  lung-associated  lymph 
nodes  and  to  the  gastrointestinal  tract  via  the  mucociliary  escalator  in  the  tracheobronchial 
region,  with  little  absorption  to  blood  (ICRP,  1986).  Slow  clearance  from  the  pulmonary 
region  coupled  with  the  increased  biological  effectiveness  of  alpha  particles  (compared  to 
other  radiation  types)  leads  to  a  high  risk  to  the  lungs  per  unit  inhalation  intake  of  ^'PuC^ 
(as  demonstrated  earlier  in  Table  1  -2)~such  a  scenario  is  generally  true  for  inhalation  of 
all  alpha-emitting  radionuclides  that  are  in  a  relatively  insoluble  chemical  form. 

Plutonium  possesses  many  isotopes  (mass  numbers  from  232  to  246);  the 
radionuclides  that  generally  receive  the  most  attention  are  ^Pu,  239Pu,  240Pu,  241Pu,  and 
242Pu.  The  first  of  these,  ^Pu,  is  formed  by  neutron  capture  by  ^U  (following  some 
intermediate  transmutations)  or  directly  by  an  (n,  2n)  reaction  with  a9Pu.  ^'Pu,  240Pu,  and 
241Pu  are  formed  as  a  result  of  neutron  irradiation  of  238U.  Both  "'U  and  ^'U  are  present 
in  the  fuel  of  light  water  nuclear  reactors.  All  of  these  isotopes  of  Pu,  except  24,Pu,  decay 
primarily  by  alpha  particle  emission.  241Pu  decays  (100%)  by  beta  emission  (14  y  half-life), 
transmuting  to  241Am  (which  is  primarily  an  alpha  emitter).  A  mixture  of  these  isotopes 
usually  exists  in  plutonium  metal.  Sutherland  (1983)  reported  the  percent  radioactivity  in 
Rocky  Flats  weapons  grade  plutonium  to  be  0.34%  ^Pu,  1 1 .29%  a9Pu,  2.58%  240Pu, 
83.22%  241Pu,  and  <0.001%  242Pu.  (Am-241  made  up  an  additional  2.58%).  For  an 
inhalation  intake,  the  primary  contribution  to  the  equivalent  dose  in  critical  lung  tissues  is 
from  the  alpha-particle  emitters.  Although  241Pu  is  present  in  large  quantities,  it  is  a  beta 


235 
emitter  with  an  average  energy  of  about  5  keV  (compared  to  the  ~5  MeV  alpha  particles 
from  other  nuclides);  furthermore,  energy  deposited  in  human  biological  tissues  by  alpha 
particles  receives  a  radiation  weighting  factor  of  wR  =  20  compared  to  wR  =  1  for  beta 
particles.  Consequently,  for  targets  in  range  of  both  radiation  types,  241Pu  (in  the  mixture 
cited  above)  would  contribute  a  negligible  amount  to  the  dose  in  lung  tissues. 
Subsequently,  for  this  particular  mixture  (Rocky  Flats  weapons  grade  plutonium),  239Pu 
and  240Pu  account  for  most  of  the  dose  due  to  plutonium. 

A  complicating  factor  in  plutonium  dosimetry  is  that  the  resolution  of  current  alpha 
spectrometry  systems  does  not  allow  distinction  between  a9Pu  and  240Pu.  Consequently, 
the  total  activity  of  239+240Pu  is  often  reported  in  measurement  results.  Computations  with 
LUDUC  (confirmed  by  predictions  with  LUDEP  for  the  reference  man  case)  have 
revealed  that  per  activity  exposure  ^'Pu  and  240Pu  result  in  the  same  numerical 
distributions  for  equivalent  doses  to  all  target  tissues.  Therefore,  in  all  of  the  text  that 
follows,  239Pu02  can  be  replaced  with  239+240PuO2  with  negligible  error  (i.e.,  an  activity 
exposure  to  a9Pu  is  mathematically  equivalent  to  the  same  activity  exposure  to  239+240Pu). 

The  formation  of  plutonium  aerosols  as  well  as  several  measurements  regarding 
activity-size  distributions  have  been  discussed  by  Chamberlain  (1991).  Chamberlain  listed 
four  modes  of  plutonium  aerosol  formation  including:  (1)  oxidation  or  volatilization  of  Pu 
metal,  (2)  oxidation  or  volatilization  of  irradiated  U  or  U02,  (3)  dispersion  of  droplets 
from  aqueous  solutions  or  suspensions  of  Pu,  and  (4)  resuspension  of  soil  or  dust  which  is 
contaminated  with  Pu.  The  activity  size-distribution  for  139?\i02  aerosols  depends  on  the 
mode  of  formation.  The  plutonium  aerosols  produced  during  activities  at  Rocky  Flats 
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(ChemRisk,  1994)  primarily  involved  modes  (1),  (3),  and  (4).  Two  major  fires  (in  1957 

and  1969)  have  occurred  at  the  Rocky  Flats  Plant,  both  resulting  in  the  release  of 

plutonium  oxide  particles  to  the  air  (by  mode  1).  Releases  also  occurred  from  the  late 

1950s  and  throughout  the  1960s  as  a  result  of  leaking  waste  oil  drums  (at  the  site  of  the 

903  pad  at  the  Rocky  Flats  plant).  The  waste  oil  contaminated  soil  with  plutonium  which 

was  subsequently  dispersed  by  wind  to  off-site  receptors  (by  mode  4).  During  routine 

operations,  evaporation  of  Pu-laden  solvents  occurred  in  working  areas  (by  mode  3); 

these  were  ultimately  released  via  the  ventilation  exhaust.  The  aerosol  activity-size 

distributions  produced  by  these  varied  modes  can  differ,  as  discussed  below. 

Chamberlain  (1991)  has  summarized  several  measured  activity-size  distributions 

for  plutonium  aerosols.  For  oxidation  processes,  the  temperature  of  the  atmosphere  in 

which  oxidation  occurs  is  important.  Higher  oxidation  temperatures  usually  lead  to  larger 

particle  sizes.  When  controlled  oxidation  was  conducted  at  20  °C,  an  activity  median 

aerodynamic  diameter,  or  AMAD,  of  about  3  urn  and  a  geometric  standard  deviation,  or 

GSD,  of  about  3  were  measured;  at  450  °C,  an  AMAD  larger  than  50  urn  and  GSD  of  still 

about  3  were  found  (Carter  and  Stewart,  1971).  For  plutonium  fumes  from  a  fire,  Mann 

and  Kirchner  (1967)  reported  an  AMAD  of  about  0.3  urn  and  GSD  of  about  2.  For  a 

spill,  Moss  et  al.  (1961)  reported  that  Pu  was  associated  with  inert  dust  particles  having  a 

mass  median  diameter  of  about  7  urn.  Elder  et  al.  (1974)  examined  plutonium-laden 

aerosol  particles  with  a  multi-stage  cascade  impactor  in  ventilation  ducts  at  three 

plutonium  processing  plants.  Depending  on  the  type  of  activity  being  performed  (research 

and  development,  fabrication,  or  recovery),  AMADs  were  reported  from  0. 1  to  4  urn  and 
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GSDs  were  reported  from  1 .5  to  4.  In  applying  LUDUC  to  Pu-laden  aerosols,  a  range  of 

(carrier)  particle  aerodynamic  diameters  between  0. 1  and  50  um  were  examined;  this 

range  covers  the  particle  sizes  reported  above. 

5.3.  Dose  Uncertainty  Results  for  Inhaled  ^^PuO,  Aerosols 

5.3,1.  Exposure  Scenario  and  Notational  Conventions 

The  probabilistic  computer  code  LUDUC,  developed  in  this  study  to  implement 
the  methodology  discussed  in  previous  chapters,  was  applied  to  inhaled  239Pu02  aerosols. 
Several  model  predictions  have  been  produced  to  characterize  the  uncertainty  in  doses. 
These  include  various  estimated  fractiles,  ratios  of  fractiles,  geometric  means,  and 
geometric  standard  deviations  for  the  six  equivalent  dose  quantities  described  above 
(section  5.1).  The  output  data  for  these  dose  quantities  for  some  selected  age  groups, 
exertion  levels,  and  particle  sizes  are  listed  in  Appendix  E;  only  a  subset  of  that  data  is 
presented  in  following  sections.  Sensitivity  analyses  of  dose  predictions  with  respect  to 
model  parameters  have  also  been  performed.  Results  of  these  analyses  are  presented  in 
this  chapter. 

In  most  of  the  computations  for  this  work,  a  monodisperse  aerosol  (i.e.,  single- 
sized  particles)  was  assumed.  239Pu02  -laden  aerosol  particles  were  further  assumed  to 
consist  of  unit  density  spheres  (i.e.,  having  shape  factor  of  x  =  10  and  mass  density  of  p  = 
1.0  g/cm3).  Therefore,  by  definition  (see  section  2.5),  the  physical  particle  diameter 
corresponds  to  the  aerodynamic  diameter. 
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Equivalent  dose,  H,  was  predicted  per  unit  activity  exposure,  Ag  (defined  in 

Chapter  1).  Therefore,  the  symbol  H/Ag  (units:  Sv  per  Bq-hr/m3)  is  used  to  present  dose 
predictions.  These  doses  then  correspond  to  activity  exposure-to-dose-conversion 
factors,  EDCFs.  If  Ag  is  other  than  1  Bq-hr/m3,  the  linear  nature  of  the  model  allows  one 
to  simply  multiply  H/Ag  values  (presented  in  this  section  and  in  Appendix  E)  by  the  actual 
activity  exposure  to  predict  the  equivalent  dose.  However,  it  is  again  noted  that  the 
respiratory  tract  model  was  solved  under  the  assumption  that  activity  was  deposited 
instantaneously  (acute  deposition  at  time  zero)  in  the  appropriate  initial  state 
compartments.  This  assumption  is  justified  if  the  ventilation  rate  is  relatively  constant 
over  the  exposure  duration. 

Another  notational  convention  used  in  this  section  has  been  to  denote  dose 
fractiles  by  (H/A^  where  F  represents  the  percent  tractile.  For  example  the  50%  fractile 
is  denoted  as  (H/Ag)^.  This  represents  the  value  of  H/AE  at  which  half  (50%)  of  the 
trials  resulted  in  doses  less  than  this  value  and  is  a  measure  of  the  central  tendency  of  the 
distribution  in  H/Ag.  The  ratio  of  the  95%  fractile  to  the  5%  fractile  has  been  used  as  a 
distribution-free  (i.e.,  independent  of  any  underlying  distribution  for  H/Ae)  measure  of  the 
dispersion,  or  uncertainty,  in  H/Ag.  This  ratio  is  denoted  by  (H/AE)95%:5%  and  is 
dimensionless.    For  example,  a  value  of  1 00  for  this  ratio  means  that  the  95%  fractiles  are 
100  times  higher  than  the  5%  fractiles;  therefore  some  quantitative  measure  of 
"uncertainty"  is  provided.  Since  90%  of  the  dose  values  lie  between  the  5%  and  95% 
dose  fractiles,  this  ratio  also  represents  the  ratio  of  the  upper  to  lower  90%  confidence 
bounds.  If  the  distribution  shape  for  the  dose  data  could  be  well  approximated  by  a 
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lognormal  distribution,  this  ratio  (of  the  90%  to  5%  dose  fractiles)  can  be  related  to  a 

geometric  standard  deviation  for  the  dose,  GSD,  by  the  following  expression: 

ratio  (95%:5%  fractile)  «  [GSD164]2  -  GSD328.  (5-1) 

As  discussed,  the  equivalent  dose  to  the  lungs  (or  thoracic  region  of  the 
respiratory  tract)  is  actually  a  weighted  sum  of  the  equivalent  doses  to  the  five  target 
tissues  of  the  thoracic  region  (discussed  in  Chapter  2).  Consistent  with  notation  in 
Equation  2-50,  the  equivalent  dose  to  the  lungs  is  denoted  in  this  chapter  by  YiTH.  The 
equivalent  doses  to  the  five  thoracic  region  target  tissues  are  denoted  as  H^B,,,,), 
HtBB,,,.),  HOb^),  H(AI),  and  H(LNth)  (see  discussion  in  section  5. 1  on  target  regions). 

5.3.2.  Adult  Males  Exposed  to  ^^uCs  Aerosols  (Monodisperse) 

Using  LUDUC,  distribution-free  fractiles  have  been  estimated  for  H-m/As  (in  Sv 
per  Bq-hr/m3),  for  a  population  group  comprising  25-34  year  old  adult  males  at  light 
physical  exertion.  These  dose  fractiles  are  shown  as  a  function  of  particle  diameter  in 
Figure  5-1  and  include  the  5%,  10%,  25%,  50%,  75%,  90%,  and  95%  fractiles.  As  shown 
in  Figure  5-1,  HmlkE  is  sensitive  to  particle  size  for  diameters  larger  than  about  2  urn. 
Additionally,  the  spread  (or  uncertainty)  in  H^/Ae,  as  indicated  by  the  relative  difference 
between  the  5%  and  95%  fractiles,  tends  to  become  larger  as  particle  diameter  increases. 
For  particle  diameters  between  about  0. 1  and  2  urn,  the  dose  distribution  is  relatively 
constant  with  H-^A^  being  distributed  over  about  an  order  of  magnitude  (from  the  5%  to 
95%  fractile).  As  particle  diameter  increases  above  2  urn  the  dose  distribution  shifts 
toward  lower  dose  values,  accompanied  by  an  increase  in  the  dose  uncertainty.  For 
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particle  diameters  larger  than  about  5  um,  H^/Ae  is  distributed  over  about  two  orders  of 

magnitude.  For  a  population  group  of  25-34  year  old  males,  a  wide  spread  in  H^/Ag  can 

exist— depending  on  particle  size—among  members  of  the  group. 
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Figure  5-1.  Fractiles  predicted  for  the  committed  (50  year)  equivalent  dose  per  unit 
activity  exposure,  H-j^/Ae  (Sv  per  Bq-hr/m3),  to  the  lungs  (weighted  sum  of  tissue  doses) 
for  a  population  group  of  25-34  year-old  males  at  light  exertion.  Based  on  exposure  to 
monodisperse  ^uC^  -laden  aerosol  particles  comprising  unit  density  spheres. 
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The  change  seen  for  the  median  dose  as  a  function  of  particle  size  is  due  primarily 
to  the  sensitivity  of  the  deposition  model  to  particle  size.  For  particle  diameters  larger 
than  about  1  urn,  less  particles  reach  the  lung  since  the  filtration  efficiencies  of  ET  regions 
increase  with  particle  size.  The  increase  in  the  spread  of  dose  values  (i.e.,  increase  in  dose 
uncertainty)  with  particle  size  above  1  um  is  attributed  to  an  increase  in  the  sensitivity  of 
the  deposition  model  with  respect  to  the  particle  size;  for  larger  particles,  regional 
deposition  efficiencies  are  sensitive  to  the  diameter.  This  sensitivity  is  clearly 
demonstrated  by  the  slope  of  the  curve  plotting  the  median  dose  versus  diameter  in  Figure 
5-1.  Model  sensitivity  is  examined  in  sections  5.4  and  5.5  of  this  chapter. 

The  values  in  Figure  5-1  are  based  on  a  weighted  sum  of  doses  to  the  five  target 
tissues  of  the  thoracic  region.  For  the  same  scenario,  Figure  5-2  presents  information  on 
equivalent  dose  to  these  five  individual  target  regions.  Panel  (a)  shows  a  plot  of  the 
median  dose  per  exposure  to  the  various  target  regions  and  includes  the  weighted  sum  for 
the  lungs.  Panel  (b)  shows  the  ratio  of  the  95%  to  5%  dose  fractiles  for  each  region  and 
for  the  lung.  The  median  doses  to  target  tissues,  in  panel  (a),  all  follow  similar  trends  with 
respect  to  particle  size.  However,  for  given  particle  sizes,  median  doses  differ  by  about  a 
factor  of  100  (more  for  larger  particles).  For  smaller  particles  (dp  <  5  microns),  panel  (b) 
indicates  that  although  uncertainties  can  be  quite  high  for  doses  to  BB^  and  LNth, 
uncertainties  in  HTO  are  relatively  small~the  ratio  of  the  95%  to  5%  dose  fractile  is  only 
about  5.  This  ratio  increases  by  over  an  order  of  magnitude  as  larger  particle  sizes  are 
approached.  Note  again  that  these  results  are  based  on  monodisperse  particles. 
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Figure  5-2.  Dose  quantities  versus  particle  diameter  in  all  thoracic  target  tissues  for  adult 
males  (25-34  years  old)  exposed  at  light  exertion,  (a)  Estimated  median  for  W\  (Sv  per 
Bq-hr/m3).  (b)  Estimated  ratios  of  95%  to  5%  dose  fractiles,  (H/AE)95%.5%.  Based  on 
exposure  to  ^uOj  -laden  aerosol  particles  (monodisperse,  unit  density  spheres). 
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For  the  BB  basal  cell  layer,  BB^,,  the  uncertainty  in  dose  (as  indicated  by  the  ratio 

in  panel  [b])  is  predicted  to  be  much  greater  than  for  other  regions  for  dp  <  5  urn.  This 

result  is  due  primarily  to  the  uncertainty  in  the  thickness  of  the  bronchial  epithelium 

(discussed  in  a  later  section).  The  uncertainty  decreases  slightly  for  BB^  at  larger  particle 

sizes.  This  effect  is  thought  to  arise  from  a  shift  in  the  dose  contributed  to  BB,,„  from 

various  source  components.  Dose  is  contributed  to  BB^  by  three  source  components:  (1) 

transformations  in  the  BB  mucus/gel  layer  (fast  mechanical  transport  phase),  (2) 

transformations  in  the  BB  cilia/sol  layer  (slow  mechanical  transport  phase);  and  (3) 

transformations  in  the  BB  sequestered  layer  (or  macrophage  layer).  For  smaller  particles, 

component  (2)  contributes  the  most  of  the  dose  (see  Fig.  4-14).  For  larger  particles 

component  (2)  becomes  less  important  as  component  (3)  becomes  more  important.  Doses 

from  the  sequestered  layer  are  influenced  less  by  the  thickness  of  the  bronchial  epithelium. 

Even  though  the  same  three  source  components  described  above  for  BB^  exist  for 
the  BB  secretory  cell  layer,  BB^,  the  dose  uncertainty  for  this  target  does  not  follow  the 
same  trend.  This  target  tissue  comprises  almost  the  entire  thickness  of  the  BB  epithelium. 
Consequently,  doses  to  BB^  are  not  as  sensitive  as  BB^  to  the  shifts  in  source 
components. 

For  the  bb  secretory  cell  layer  (bb^)  and  AI  tissues,  the  uncertainty  increases  (over 
about  two  orders  of  magnitude  as  indicated  by  the  fractile  ratio)  for  particle  diameters 
approaching  and  surpassing  10  jam;  however,  median  doses  to  these  regions  decrease 
sharply  with  particle  diameter  since  few  or  no  particles  are  predicted  to  deposit  in  the  bb 
and  AI  regions  for  dp  >  10  microns.  Consequently,  for  larger  particles  the  ratio  of  dose 
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fractiles  has  little  meaning  for  bb  and  AI.  In  fact,  when  dp  >  10  microns,  the  5%  dose 

fractile  is  zero,  and  the  ratio  is  undefined  in  these  targets  (and  subsequently  is  not  plotted 

in  Fig.  5-2[b]).  As  doses  become  small  in  these  targets,  the  relative  importance  of  these 

regions  diminishes  such  that  uncertainty  in  these  doses  are  not  important  with  respect  to 

the  total  lung  dose  (weighted  sum  of  regions).  Furthermore,  the  doses  to  AI  and  bb 

tissues  at  these  larger  particle  sizes  would  likely  be  of  little  consequence  for  polydisperse 

particle-size  distributions  since  smaller  particles  would  likely  dominate  the  dose. 

Median  doses  to  thoracic  lymph  nodes,  LNth,  are  an  order  of  magnitude  or  more 
higher  than  doses  to  other  tissues  (per  particle  diameter).  This  result  simply  reflects  the 
facts  that  (1)  materials  cleared  from  the  lungs  to  the  lymph  nodes  remain  there  virtually 
indefinitely  and  (2)  the  small  mass  of  the  lymph  nodes  results  in  a  higher  dose  (i.e.,  energy 
absorbed  per  unit  target  mass).  However,  because  the  lymph  nodes  are  relatively 
insensitive  to  radiation  damage  (as  reflected  by  the  low  risk-apportionment  weighting 
factor  assigned  to  this  region;  ALNth  -  0.001  in  Table  2-8),  doses  in  LNth  are  not  usually  of 
much  interest  relative  to  other  target  regions.  The  contribution  of  H(LNth)  to  the 
weighted  lung  dose  is  negligible  for  the  scenarios  examined. 

Values  in  Figure  5-1  and  5-2  were  based  on  a  population  group  involved  in  light 
physical  exertion.  The  influence  of  exertion  level  on  the  dose  values  and  their 
uncertainties  is  also  of  interest.  Panel  (a)  of  Figure  5-3  is  a  plot  of  the  50%  fractiles 
(medians)  for  equivalent  dose  to  the  lungs  (weighted  sum  of  regional  doses)  at  all  four 
exertion  levels  (resting,  sitting,  light  and  heavy  exertion).  Panel  (b)  is  a  plot  comparing 
the  ratio  of  the  95%  to  5%  dose  fractiles. 
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Figure  5-3.  Equivalent  dose  to  lungs  for  adult  males  at  four  exertion  levels,  resting, 
sitting,  light  and  heavy  exertion,  (a)  Estimated  values  for  median  dose,  (Hth/Ae)^.  (b) 
Estimated  values  of  the  ratio  of  dose  fractiles,  (HTH/AE)95%:5%.  Based  on  exposure  to 
^uOj  -laden  aerosol  particles  (monodisperse,  unit  density  spheres). 
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About  an  order  of  magnitude  difference  exists  between  median  lung  doses  for 

exposure  at  heavy  exertion  compared  to  resting  (and  sitting).  This  effect  is  attributed  to 

differences  in  the  central  tendency  of  the  ventilation  rate  (and  hence  intake  rate)  since  it 

increases  by  about  a  factor  often  from  rest  to  heavy  exertion  (see  Figure  4-10).  Another 

feature  of  the  plot  in  panel  (a)  is  that,  for  particles  larger  than  about  5  urn,  (H-n/Ag)^  is 

roughly  equal  for  resting,  sitting,  and  light  exertion;  but  it  is  almost  an  order  of  magnitude 

higher  (than  those  levels)  for  heavy  exertion.  This  result  is  due  primarily  to  the  deposition 

pattern  at  these  size  ranges  and  to  an  abrupt  change  in  the  oronasal  breathing  pattern  (i.e., 

tendency  to  breathe  more  through  mouth  than  nose;  see  section  4. 1.10)  in  most  persons  in 

going  from  light  to  heavy  exertion  activities. 

As  shown  in  panel  (b)  of  Fig.  5-3,  the  uncertainty  in  dose  values  (as  measured  by 
the  ratio  of  fractiles)  is  relatively  small  and  insensitive  to  change  in  the  exertion  level  (i.e., 
ratio  ~  5)  for  particle  diameters  less  than  about  1  urn.  However,  for  larger  particles  an 
increase  in  the  uncertainty  generally  occurs.  As  particle  diameter  increases  from  1  to  20 
urn  (2-20  urn  for  resting  and  sitting),  the  value  of  (HTH/AE)95%:5%  for  light  exertion 
increases  by  about  a  factor  of  40.  This  increase  in  dose  uncertainty  is  due  primarily  to 
sensitivities  in  the  deposition  model  (discussed  later  in  section  5.5). 

Figure  5-4  shows  values  of  (H/AE)50„/<>  (for  the  same  exposure  scenario  as  Figure  5- 
3)  for  the  five  individual  target  tissues  of  the  thoracic  region  (in  panels  [a]-[e])  and  for  the 
lung  (in  panel  [fj).  The  purpose  of  this  figure  is  to  compare  median  doses  among  the 
target  tissues  for  different  exertion  levels.  Generally,  the  trends  at  the  regional  scale  are 
similar  to  those  shown  by  and  discussed  for  Fig.  5-3.  Figure  5-5  shows  values  of  the  ratio 
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(H/AeW,*  for  the  five  target  tissues  (panels  [a]-[e])  and  for  the  lungs  (weighted  sum  of 

five  targets,  panel  [fj).  Although  the  uncertainty  increases  sharply  with  particle  size  for  bb 

secretory  cells  and  AI  tissues,  this  increase  is  accompanied  by  a  sharp  decrease  in 

equivalent  dose  values  (Fig.  5-4)  to  these  tissues.  Thus,  the  contribution  of  doses  in  bb^ 

and  AI  tissues  to  (H-h/Ae)^  and  (H-th/Ae)^.,*  is  expected  to  be  negligible  (relative  to 

other  target  tissues)  for  particle  diameters  larger  than  about  5  microns. 

5.3.3.  Influence  of  Dose  Integration  Time 

The  25-34  year-old  male  population  group  was  examined  at  light  exertion  (for  an 
acute  activity  deposition)  by  employing  several  dose  integration  times  (see  section  1.2.1) 
to  provide  information  on  the  influence  of  integration  time  on  dose  uncertainties  for 
739?\x02  aerosols.  The  following  integration  times  were  selected:  10  days,  100  days,  365 
days  (1  year),  3650  days  (10  years),  10950  days  (30  years),  18250  days  (50  years),  and 
25550  days  (70  years).  A  (monodisperse)  particle  diameter  of  1  urn  was  used  to  provide 
typical  results  (similar  calculations  at  5  urn  revealed  similar  trends).  Figure  5-6 
summarizes  these  results.  Panel  (a)  is  a  plot  of  the  median  dose  values  predicted.  Panel 
(b)  plots  the  percent  contribution  with  respect  to  the  50-year  median  dose  and  was  derived 
for  targets  by  dividing  median  values  in  panel  (a)  by  the  respective  median  value  (for  the 
respective  target  tissue)  at  an  integration  time  of  50  years.  Panel  (c)  is  a  plot  of  the  ratio 
of  the  95%  to  5%  fractiles. 

Results  plotted  in  panel  (b)  show  that  virtually  100%  of  the  50-year  dose  in  BB 
target  tissues  is  delivered  within  the  first  year  post  intake.  For  bb  secretory  cells  over  75% 
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Figure  5-6.  Influence  of  integration  time  on  dose  uncertainties,  (a)  Estimates  of  (H/AE)50% 
for  various  thoracic  target  tissues,  (b)  Percent  of  50-year  median  dose  contributed  by 
stated  integration  times,  (c)  Ratio  of  95%  to  5%  dose  fractiles  (ti-m/A^g^.^  versus 
integration  time.  Results  based  on  25-34  year-old  males  at  light  exertion  inhaling  a 
a9Pu02-laden  aerosol  (monodisperse,  unit  density  spheres  with  dp  =  1  urn). 
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of  the  50-year  dose  is  predicted  to  have  been  delivered  within  the  first  year  post  intake. 

The  remaining  25%  of  the  dose  to  bb^  results  primarily  from  the  AI  source  component 
(i.e.,  alpha  particles  that  cross  the  subepithelial  layer  between  AI  source  and  the  bb,^ 
layer).  For  the  AI  tissues,  about  25%  of  the  (50-year)  dose  is  delivered  by  the  first  year; 
about  50%  is  delivered  in  three  years;  75%  is  delivered  by  10  years;  and  virtually  all  of  the 
50-year  dose  is  delivered  by  30  years.  For  the  thoracic  lymph  nodes  (that  receive  a  very 
low  risk  apportionment,  or  weighting,  factor),  model  predictions  indicate  that  only  about 
25%  of  the  dose  is  delivered  in  the  first  ten  years  post  intake;  the  rest  is  delivered  over  the 
next  40  years.  Two  reasons  exist  to  explain  the  large  difference  in  lymph  node  doses 
compared  to  other  targets.  First,  no  inhaled  particles  deposit  in  the  lymph  nodes;  material 
is  transported  from  other  regions  of  the  respiratory  tract  to  lymph  nodes  (primarily  by 
macrophages  for  insoluble  materials).  In  contrast  all  other  regions  (BB,  bb,  and  AI) 
receive  an  initial  deposit  of  material  and  associated  target  layers  (BB^,  BB^,  bb^,  AI) 
are  in  immediate  range  of  source  emissions.  Second,  insoluble  material  cleared  to  lymph 
nodes  can  only  be  removed  by  absorption  to  blood  (which  is  quite  slow  for  relatively 
insoluble  materials). 

Although  a  complex  pattern  is  seen  for  the  median  dose  values  in  most  targets  with 
respect  to  integration  time,  panel  (c)  of  Figure  5-6  indicates  that  the  uncertainty  in  dose 
values  (as  quantified  by  the  ratio  of  95%  to  5%  dose  fractiles)  is  relatively  constant  for 
most  targets.  Only  the  LNth  tissues  demonstrate  a  sharp  increase  in  uncertainty  with 
integration  time  (for  times  greater  than  10  years).  Sensitivity  of  doses  to  lymph  nodes  are 
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examined  in  section  5.4;  indications  are  that  most  of  the  variability  in  dose  is  due  to 

variabilities  in  the  clearance  rate  constant  for  slow-phase  absorption  to  blood,  s,. 

Practical  implications  of  results  in  Figure  5-6  are  that  dose  uncertainties  in  most  of 

the  target  tissues  (including  the  weighted  lung)  can  be  characterized  at  a  50  year 

integration  time  (e.g.,  by  the  ratio  in  panel  [c]  or  by  a  geometric  standard  deviation  which 

could  be  derived  from  the  ratio)  and  applied  at  other  times  without  much  error  (in  all 

except  lymph  nodes).  Only  the  median  values  (central  tendency  of  the  dose  distribution, 

panel  [a])  change  significantly  with  the  dose  integration  time. 

5.3.4.  Influences  of  Age  and  Gender 

The  influences  of  the  age  and  gender  on  dose  uncertainties  for  various  target 
regions  are  also  of  interest.  To  compare  doses  for  various  age/gender  groups,  a  dose 
integration  time  of  70  years  was  used  for  ages  less  than  18  years;  an  integration  time  of  50 
years  was  used  for  adults.  These  integration  times  are  based  on  recommendations  of  the 
ICRP  (1991a)  and  are  meant  to  provide  conservative  dose  predictions  for  radiation 
protection  purposes.  For  example,  if  an  adult  is  exposed  at  age  40,  a  50-year  integration 
implies  that  the  person  lives  to  an  age  of  90  years.  Similarly  for  15  year  old,  a  70-year 
integration  time  implies  that  the  person  lives  to  an  age  of  85  years.  However,  as  indicated 
previously  in  Fig.  5-6,  the  addition  of  20  years  to  the  dose  integration  time  has  a  negligible 
effect  on  doses  to  all  tissues  examined  here  but  the  thoracic  lymph  nodes. 

Before  presenting  results,  some  limitations  must  be  acknowledged.  While 
integrating  over  time,  it  was  assumed  that  the  source-target  geometry  (e.g.,  including  mass 
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of  target  tissues  and  surface  areas  of  airway  regions)  remained  fixed  over  the  dose 

integration  time  (i.e.,  dimensions  were  assigned  based  on  age  at  intake  and  growth  was 
ignored).  This  assumption  allowed  simplification  of  the  mathematical  complexity  involved 
in  computing  doses  (i.e.,  time  dependency  of  many  factors  were  removed  and  Equation 
2-13  could  be  used).  Although  not  a  problem  for  adults,  this  limitation  leads  to  potentially 
conservative  dose  estimates  for  children  in  this  work. 

Consider  first  doses  to  BB  and  bb  target  tissue  layers.  Results  shown  previously  in 
Figure  5-6  indicate  that  most  of  the  doses  to  BB  and  bb  tissues  (due  ^uOj  inhalation) 
are  contributed  by  the  first  year  so  that  the  error  introduced  by  assuming  negligible  growth 
is  not  a  problem  in  these  tissues.  Consider  next  doses  to  AI  tissues.  Figure  5-6  indicates 
that  dose  to  this  region  is  delivered  over  a  longer  time  (over  -30  years  post  intake).  The 
mass  of  the  AI  region  (approximately  equal  to  the  total  lung  mass;  see  Figure  4-19) 
increases  by  about  a  factor  of  five  from  2  years  of  age  to  maturity.  For  children,  a 
considerable  portion  of  the  total  dose  to  the  AI  region  (from  an  acute  intake)  can  be 
delivered  during  growing  years.  The  AI  mass  would  then  be  under-estimated  during  all 
but  the  first  year  after  the  intake;  and  consequently,  the  AI  dose  would  be  over-estimated 
(since  dose  is  inversely  proportional  to  the  target  mass).  Generally,  the  over-estimation 
would  be  less  than  a  factor  of  five.  A  similar  conservative  effect  is  expected  for  LNth 
tissues,  since  the  mass  is  modelled  as  proportional  to  the  total  lung  mass  (Eq.  4-48).  Since 
the  dose  to  the  lungs  (weighted  sum)  includes  all  targets,  the  conservative  effect  would  be 
less  (than  that  seen  in  AI  and  LNth)  for  the  weighted  lung  dose. 
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Based  on  these  conditions,  Figure  5-7  shows  values  for  (a)  the  median  lung  dose, 

(H-iVAeW  and  (2)  the  ratio  of  95%  to  5%  dose  fractiles,  (HTH/AE)9J%.5H,  versus  particle 

diameters  for  several  age-gender  groups  at  the  light  exertion  level.  Data  in  panel  (a) 

indicate  that  age  and  gender  of  the  exposed  population  group  has  only  minor  effects  on 

the  median  dose  to  the  lungs  (weighted  sum)  per  particle  diameter.  Ages  groups  are 

generally  indistinguishable  (with  respect  to  median  dose)  for  particle  diameters  less  than 

about  2  urn.  For  diameters  greater  than  about  2  urn,  median  doses  for  2-  and  5-year  olds 

are  predicted  to  be  close  to  a  factor  of  2  greater  than  other  age  groups.  The  spread  in 

doses  as  indicated  by  the  ratio  (HTH/AE)95%:5%  in  panel  (b)  follows  a  similar  trend  for  all 

ages-increasing  by  about  a  factor  of  10  with  increasing  particle  diameter  (from  1  to  20 

Urn).  Except  for  ages  of  2,  5,  and  10  years  (at  dp  >  1  urn),  all  population  groups  are 

indistinguishable  with  respect  to  the  ratio  of  fractiles  (i.e.,  uncertainties  in  lung  dose  are 

relatively  the  same).  The  larger  relative  spread  in  doses  for  2,  5,  and  10  year  olds  is  likely 

due  to  uncertainties  in  the  breathing  mode.  For  children,  the  methodology  developed  for 

this  study  results  in  a  large  fraction  of  children  being  classified  as  mouth  breathers  (see  Eq. 

4-32)  compared  to  adults.  Sensitivity  studies  of  the  deposition  model  (discussed  in  section 

5.5)  indicate  that  the  fraction  of  air  breathed  by  the  nose,  Fn,  is  an  important  parameter  in 

the  deposition  model.  Although  sensitivity  studies  have  not  been  performed  for  younger 

age  groups,  it  is  suspected  that  uncertainties  in  this  parameter  are  responsible  for  the 

increased  relative  uncertainty  demonstrated  in  Figure  5-7(b).  This  model  parameter  likely 

explains  the  increased  median  doses  seen  for  2  and  5  year  olds  as  well  (in  Figure  5-7[a]). 


2yr  — •—    15yr(F) 

5yr  — b-    15yr(M) 

10  yr        -*-    18-24  yr(F) 


-*-    25-34  yr(F) 
-e—    18-24  yr(M) 
-*-    25-34  yr(M) 
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Figure  5-7.  Influences  of  age  and  gender  on  dose  uncertainties  (versus  particle  diameter), 
(a)  Estimates  of  (Hra/AE)50%.  (b)  Ratio  of  95%  to  5%  dose  fractiles  (H1TI/AE)95%:5%.  Based 
on  inhalation  of  239Pu02-laden  aerosol  (monodisperse,  unit  density  spheres)  at  light 
exertion. 
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Figure  5-8  shows  increased  resolution  in  lung  dose  by  plotting  median  doses  to 

each  of  the  five  target  tissues  (versus  particle  diameter)  for  these  age  groups.  Panels  (a-e) 

are  for  the  regional  targets  and  panel  (f)  is  for  the  lungs  (weighted  sum  of  targets;  the 

same  as  Figure  5-7[a]).  This  figure  indicates  more  differences  on  a  regional  scale  than  are 

seen  for  the  combined  lung  dose;  however,  differences  are  still  quite  small.  The 

differences  are  generally  much  less  than  those  indicated  in  Figure  5-4,  which  compared 

median  doses  for  a  single  age  group  at  different  exertion  levels. 

As  an  indication  of  the  uncertainty,  Figure  5-9  accompanies  Figure  5-8  and  shows 

plots  of  the  ratio  of  the  95%  to  5%  dose  fractiles  (versus  particle  diameter)  for  the  nine 

age  groups  examined.  The  panels  in  Figure  5-9  indicate  that  for  particles  larger  than  1  urn 

the  2,  5,  and  10  year  age  groups  generally  have  higher  relative  spreads  in  dose  values 

compared  to  other  groups.  Again  this  difference  is  likely  attributable  to  an  increased 

sensitivity  of  the  deposition  model  with  respect  to  Fn  at  these  younger  ages. 

5.3.5.  Influences  of  Particle  Size  Dispersion 

Dose  predictions  presented  up  to  this  point  were  based  on  monodisperse  activity- 
size  distributions.  In  other  words,  for  a  specified  exposure  scenario  all  radioactivity  was 
assumed  to  be  associated  with  a  single  particle  diameter.  Generally,  except  under 
controlled  conditions,  activity  is  associated  with  a  distribution  of  particle  sizes.  Most 
often  this  activity-size  distribution  is  unimodal  and  approximated  by  a  lognormal 
probability  distribution.  An  activity  median  (aerodynamic  or  thermodynamic)  diameter 
and  a  geometric  standard  deviation,  denoted  here  as  GSD(dp),  are  used  to  characterize  the 
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distribution.  To  examine  the  influence  of  the  activity-size  distribution  on  predicted  dose 
distributions,  LUDUC  was  run  for  various  activity  median  diameter  (AMD)  and  GSD(dp) 
values  for  the  25-34  year-old  male  population  group  (at  light  exertion).  In  computations 
particles  were  assumed  to  comprise  unit  density  spheres  (so  that  the  physical  diameter, 
aerodynamic  diameter,  and  thermodynamic  diameters  are  all  equal).  Values  of  one,  two, 
three,  and  four  were  selected  for  the  GSD(dp).  A  GSD(dp)  value  of  one  corresponds  to 
monodisperse  (or  single-sized)  aerosol  particles.  As  the  GSD(dp)  increases,  the  activity- 
size  distribution  widens,  with  respect  to  particle  size,  and  the  airborne  activity 
concentration  is  associated  with  a  larger  range  of  particle  diameters. 

Figure  5-10  plots  results  for  the  dose  to  the  lungs,  H^/Ae  (weighted  sum  of  target 
tissues),  for  various  GSD(dp)  and  activity  median  diameters,  or  AMDs.  Panel  (a)  shows 
the  median  dose;  panel  (b)  shows  the  ratio  of  the  95%  to  5%  dose  fractiles.  Results  in 
panel  (a)  indicate  that  an  increase  in  GSD(dp)  generally  leads  to  an  increase  in  (H^/Ae)^ 
for  a  specific  AMD.  These  effects  are  due  to  particle  deposition  mechanisms-particles 
with  diameters  less  than  ~2  urn  generally  have  a  greater  probability  of  depositing  in  the 
lungs  (versus  extrathoracic  airways)  than  larger  particles  (in  the  size  range  examined). 
Results  in  panel  (b)  of  Fig.  5-10  indicate  that  size  dispersion  has  a  negligible  effect  on  dose 
uncertainty  (i.e.,  spread  in  dose  values)  for  size  distributions  with  AMD  <  ~1  urn.  But  for 
larger  AMDs,  an  increase  in  the  size  dispersion,  or  value  of  GSD(d  ),  leads  to  a  decrease 
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Figure  5-10.  Influence  of  activity-size  dispersion  on  lung  dose  uncertainties;  shown  for 
various  activity  median  diameters  (assumes  unit  density  spheres),  (a)  Estimated  median 
values  for  H^/Ag  (Sv-hr/m3).  (b)  Ratios  of  95%  to  5%  dose  fractiles,  (ii^A^)^.^  for 
lungs.  Based  on  exposure  to  239Pu02-laden  aerosol  particles. 
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in  the  dose  uncertainty  (indicated  by  a  decrease  in  the  ratio  of  the  95%  to  5%  dose 

fractiles).  The  dose  uncertainty  for  a  monodisperse  aerosol  decreases  slightly  at  the 
largest  size  shown. 

To  better  understand  the  trends  shown  for  the  weighted  dose  to  the  lungs,  doses  to 
the  five  thoracic  target  tissues  are  examined.  Figure  5-11  shows  median  doses  to  the  five 
target  tissues  (panels  [a]-[e])  and  for  the  lungs  (a  weighted  sum  of  the  targets,  panel  [f]). 
A  similar  trend  in  the  median  dose  is  seen  for  all  target  tissues.  A  more  disperse  activity- 
size  distribution  generally  lessens  the  sensitivity  of  the  median  dose  with  respect  to 
changes  in  the  activity  median  particle  diameter.  Also  for  a  given  AMD,  the  median  dose 
increases  with  increasing  GSD(dp).  This  increase  is  quite  large  for  AMD  >  ~2  urn.  Figure 
5-12  shows  the  ratio  of  the  95%  to  5%  dose  fractiles  for  the  five  target  tissues  (panels  [a]- 
[e])  and  the  lungs  (weighted  sum;  panel  [fj).  The  ratio  is  undefined  for  particles  larger 
than  10  microns  in  bb  and  AI  tissues  because  the  5%  dose  fractile  is  zero.  Except  for  the 
BB  basal  cells,  there  is  generally  an  increase  in  the  dose  uncertainty  with  AMD  for  all 

scenarios  and  all  regions;  for  AMD  >  ~2  urn,  a  steeper  increase  in  relative  dose 

_ 
uncertainty  occurs  for  monodisperse  particles  (GSD[dp]  =  1)  compared  to  polydisperse 

aerosols. 

For  a  polydisperse  aerosol,  half  of  the  activity  is  associated  with  particles  having 

dp<AMD.    This  half  of  the  activity  contributes  more  to  the  dose  than  the  other  half 

associated  with  larger  particles.  Since  uncertainties  are  generally  less  for  the  smaller 

particle  sizes  (which  contribute  more  to  the  dose),  the  overall  effect  is  a  narrower 
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distribution  in  dose  (less  uncertainty)  than  is  seen  for  a  monodisperse  aerosol  with  particle 
diameter  equal  to  the  AMD. 

As  an  overall  conclusion,  Figures  5-10,  5-1 1,  and  5-12  indicate  that  the  value  of 
GSD(dp)  can  have  a  significant  influence  on  the  distribution  in  dose  values,  depending  on 
the  value  of  the  AMD.  Assuming  the  AMD  remains  fixed,  an  increase  in  the  GSD(dp) 
generally  results  in  the  following:  (1)  an  increase  in  the  median  dose  to  a  specific  region 
(shown  in  Figures  5-10[a]  and  5-1 1  [all  panels])  and  (2)  a  decrease  in  the  relative 
uncertainty  for  the  dose  (as  indicated  by  a  decrease  in  the  ratio  of  the  95%  to  5%  dose 
fractiles  in  Figures  5-10[b],  5-12[a,  c,  d,  e,  fj).  However,  such  generalization  does  not 
appear  to  hold  for  very  large  particles  (e.g.,  Figure  5-12[e])  and  for  doses  to  the  BB  basal 
cell  layer  (Figure  5-  12[b]). 

5.4.  Dose  Sensitivity  Results  for  Inhaled  "^uO; 
Sensitivity  analyses  were  conducted  for  adult  males  (25-34  years  old)  exposed  to 
^uOz  aerosols  at  the  light  exertion  level  (acute  deposition  assumed).  As  discussed  in 
Chapter  3,  the  objectives  of  a  sensitivity  analysis  are  to  identify  which  model  parameters 
most  influence  model  predictions  (i.e.,  rank  input  parameters  with  respect  to  their 
sensitivity)  and  to  determine  the  contribution  made  by  parameter  variabilities  to 
variabilities  (or  uncertainties)  in  model  predictions.  Sensitivity  has  been  examined  in  this 
study  by  means  of  regression  analyses  (also  discussed  in  Chapter  3)  using  the  rank- 
transformed  dose  and  deposition  data  generated  by  LUDUC.  The  data  were  generated  by 
performing  n  =  1000  trials  using  Latin  hypercube  sampling  techniques. 
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The  sensitivities  of  model  predictions  on  input  variables  have  been  investigated  by 
determining  the  standardized  rank  regression  coefficients  (SRRCs)  of  selected  input 
variables.  The  SRRC  was  discussed  in  Chapter  3.  Based  on  absolute  values  of  their 
associated  SRRCs,  input  variables  were  ranked  from  one  on  up,  where  the  most  important 
variable  (i.e.,  most  sensitive)  is  assigned  a  rank  of  one.  Concerning  sensitivity,  the  sign  of 
the  SRRC  (i.e.,  negative  versus  positive  value)  is  not  important;  the  magnitude  is.  A 
large,  negative  SRRC  still  indicates  a  strong  monotonic  association  between  output  and 
input  variables.  A  negative  SRRC  simply  indicates  that  the  output  value  decreases  as  the 
input  value  increases  (or  vice  versa).  In  the  results  that  follow  input  variables  with 
negative  SRRC  values  are  enclosed  in  parentheses.  This  demarcation  is  to  aid  in 
interpreting  results  (i.e.,  to  help  in  understanding  the  association  between  a  specific  input 
variable  and  the  predicted  quantity). 

The  SRRC  only  provides  a  measure  by  which  to  rank  parameters  based  on  their 
ability  to  affect  model  predictions;  it  is  a  normalized  measure  of  the  change  in  the  model 
prediction  per  change  in  parameter  value  (or  slope).  To  determine  what  fraction  of  the 
variability  in  the  model  prediction  (e.g.,  equivalent  dose  to  a  specified  target  tissue)  is 
attributable  to  variabilities  in  selected  input  quantities,  step-wise  rank-regression  analyses 
are  then  performed.  As  discussed  in  Chapter  3,  step-wise  rank  regression  involves  adding 
input  variables  to  the  regression  model  one  at  a  time  (generally  starting  with  the  most 
sensitive  variable)  and  computing  an  R2  value  (i.e.,  coefficient  of  determination)  for  the 
regression.  The  R2  value  represents  the  fraction  of  the  variance  in  the  output  variable  (i.e., 
model  prediction)  that  is  explained  by  the  input  variable(s)  included  in  the  regression.  As 
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a  new  variable  is  added  to  the  regression  model,  the  R2  value  increases.  The  value  of  this 

increase  is  a  measure  of  the  uncertainty  contributed  to  the  output  variable  by  the  added 

input  variable.  The  present  approach  actually  involves  the  rank-transformed  data  so  that 

ultimately  the  R2  values  are  a  reflection  of  the  variance  in  the  ranks  of  the  data.  The  data 

are  rank-transformed  in  an  effort  to  remove  non-linear  effects  of  the  underlying  model. 

The  result  of  using  rank-transformed  data  is  that  non-linear,  monotonic  relationships  (with 

respect  to  input  variables)  are  transformed  into  linear  relationships.  Hence,  a  larger 

fraction  of  the  variance  in  the  predictions  of  a  non-linear,  monotonic  model  can  be 

explained  by  simple  multiple-linear  regression  analysis. 

5.4. 1 .  Combined  Lung  Dose 

To  examine  parameter  sensitivities  for  Hm/AE,  the  approach  was  first  to  examine 
the  sensitivity  with  respect  to  the  equivalent  doses  in  the  five  thoracic  target  tissues  and 
with  respect  to  parameters  related  to  the  risk-apportionment  factors  for  those  tissues. 
Following  this  step,  a  more  detailed  analysis  was  performed  for  the  dose  predictions  in 
each  of  the  five  thoracic  target  tissues,  namely,  (1)  the  BB  secretory  cell  layer,  BB^.,  (2) 
the  BB  basal  cell  layer,  BB,^,  (3)  the  bb  secretory  cell  layer,  bb^,  (4)  the  AI  tissues,  and 
(5)  the  LNth  tissues. 

For  Ht-h/Ae,  Table  5-1 A  shows  the  ranking  of  the  selected  input  variables  (based 
on  the  SRRC's).  Generally,  the  sensitivity  depends  on  the  size  of  particles  being  inhaled. 
For  dp  <;  5  urn,  results  indicate  that  the  equivalent  dose  to  the  AI  region,  H(AI)/AE ,  (along 
with  its  associated  risk-apportionment  factor,  A^)  has  the  greatest  influence  on  H^h/A,:. 
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For  dp  >  5  urn,  the  results  indicate  a  shift  in  the  most  sensitive  quantity  to  IKEB^/A^ 

(along  with  parameters  associated  with  its  risk-apportionment,  or  weighting,  factor).  This 
shift  occurs  primarily  since  fewer  particles  deposit  in  the  AI  and  bb  regions  at  these  larger 
sizes,  while  a  relatively  larger  fraction  of  the  activity  deposits  in  the  upper  airways  (BB 
region). 

In  efforts  to  determine  how  much  of  the  variability  in  H^/Ae  is  explained  by 
variabilities  in  regional  doses  and  associated  weighting  factors,  step-wise  rank  regression 
analyses  have  been  performed  for  the  four  particles  diameters  referenced  in  Table  5-1  A. 
The  results  of  these  step-wise  regressions  for  Hm/\  are  shown  in  Table  5-1B.  The  first 
row  of  entries  (i.e.,  below  column  headings)  corresponds  to  regression  analyses  (of  rank- 
transformed  data)  performed  with  only  the  top  ranked  variable  (i.e.,  rank  =  1  in  Table  5- 
1 A  and  variable  as  indicated  in  row  for  specific  particle  diameters).  The  second  row  of 
entries  corresponds  to  the  regression  that  results  by  adding  the  variable  ranked  second  (in 
Table  5-1  A)  to  the  regression  model;  at  this  point  only  two  "input"  variables  are  included 
in  the  regression  model.  These  steps  continue  until  the  all  of  the  top  four  variables  have 
been  included  (corresponding  to  the  fourth  data  row  of  the  table).  As  required,  the  value 
of  R2  increases  as  more  variables  are  included  in  the  regression  model.  Expressed  as  a 
percentage,  the  absolute  increase  in  R2,  in  going  from  one  row  down  to  the  next,  is  a 
measure  of  the  contribution  the  added  variable  makes  to  the  variance  in  H-^A^. 

As  an  example  of  the  information  provided  by  results  of  these  analyses  consider 
particles  with  a  diameter  of  dp  =  5  urn.  Based  on  SRRC  values,  results  in  Table  5-1 A 
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Table  5-1  A.  Combined  equivalent  dose  to  the  lungs,  H^/Ag:  Ranking  of  selected 
variables  based  on  standardized  rank  regression  coefficients  (SRRC)  for  inhalation  of 
"^PuCyladen  aerosols. 


Description  of  Variable 


Symbol 


Particle  Diameter  (urn) 
0.1         1  5         10 


Equivalent  Dose  to  BB  (secretory  cell  nuclei) 
Equivalent  Dose  to  BB  (basal  cell  nuclei) 
Equivalent  Dose  to  bb  (secretory  cell  nuclei) 
Equivalent  Dose  to  AI  tissues 
Equivalent  Dose  to  LNth  tissues 
AI  risk  apportionment  factor 
BB:  (BB+bb)  Relative  Risk  Factor 
BB^:  (BB^  +BB.J  Relative  Risk  Factor 
Coefficient  of  Determination 


H(BB.J 

5 

3 

2 

1 

HCBBfcJ 

6 

4 

3 

3 

H(bbra) 

2 

5 

4 

4 

H(AI) 

1 

1 

1 

5 

H(LNth) 

8 

8 

8 

6 

A/u 

3 

2 

5 

(7) 

wBB 

(4) 

7 

6 

2 

wbasal 

(7) 

(6) 

(7) 

8 

R2 


0.82     0.82     0.88     0.89 


Notes:  Most  sensitive  parameter  is  assigned  a  rank  of  one.  Values  enclosed  in  parentheses 
denote  a  negative  rank  regression  coefficient.  Only  top  ten  parameters  are  shown  in 
listings.  Exposure  scenario:  Adult  Males,  25-34  yrs,  light  exertion,  50  yr  dose  integration 
time,  monodisperse  aerosol  particles  comprising  unit  density  spheres. 


Table  5-1B.  Combined  equivalent  dose  to  the  lungs,  Hth/Ae:  Results  of  step-wise  rank 
regression  analysis  for  the  four  top-ranked  respiratory  tract  model  parameters.  Based  on 
inhalation  of  239PuQ2-laden  aerosols  at  specified  particle  diameters,  d  


dp  =  0.1 


Ranks 
Included 


dp=l 


dp  =  5 


Variable 
Added 


R2 


dp -10 


Variable 
Added 


R2 


Variable 
Added 


R3 


Variable 
Added 


R2 


1 

1,2 
1,2,3 
1,2,3,4 


H(AI) 
H(bb^) 

Aai 


W, 


BB 


0.39 
0.56 
0.68 
0.79 


H(AI) 

Aai 

H(BB,J 

H(BEU 


0.45 
0.58 
0.77 
0.78 


H(AI) 
H(BB,J 
H(BBbM) 
HCbb^) 


0.55 
0.81 
0.82 
0.83 


H(BBKC) 
Wbb 
H(BBbM) 
H(bb,J 


0.67 
0.79 
0.81 
0.87 


^otes:  First  column  lists  the  variables  (by  rank)  included  in  regression  analysis  steps. 
Columns  labeled  "Variable  Added"  identify  the  variable  added  to  the  regression  model  at 
each  step  (these  are  described  in  the  previous  table).  Columns  labeled  "R2"  report  the 
coefficient  of  determination,  R2,  for  the  (multiple)  linear  regression  model  (based  on  rank- 
transformed  data)  constructed  with  the  variables  indicated  in  the  first  column  (by  rank). 
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show  that  the  dose  to  the  lungs  (Hra;  weighted  sum  of  targets)  is  most  sensitive  to  the 
following  top-ranked  variables:  H(AI),  HCBB^),  H(BB,J,  and  H(bbTO).  Based  on  step- 
wise rank  regression  with  these  four  top-ranked  variables,  results  in  Table  5- IB  (dp  = 
5  urn)  indicate  that  variabilities  in  H(AI)  accounts  for  55%  of  the  variance  in  Hra;  HOBB^) 
accounts  for  an  additional  26%  (i.e.,  0.81  minus  0.55)  of  the  variance;  and  H(BBbJ  and 
HOto^)  only  account  for  an  additional  2%  of  the  variance.  Therefore,  these  four  variables 
together  account  for  83%  of  the  variance  in  HTO/AE.  To  understand  uncertainties  in 
Hjh/Ae  better,  the  focus  of  analyses  then  shifts  (for  dp  =  5  urn)  to  sensitivities  related  to 
H(AI)  and  HfBB^),  since  these  two  variables  contribute  81%  of  the  variance  in  U^/A^ 

Note  that  correlations  may  exist  between  some  input  variables  in  the  regression 
model.  If  a  variable  is  ranked  high  and  is  highly  correlated  with  another  variable,  the 
SRRC  ranking  method  could  result  in  both  variables  receiving  a  high  rank.  However,  if 
two  variables  are  highly  correlated  and  the  second  variable  is  added  during  step-wise 
regression,  little  or  no  increase  in  the  R2  value  is  expected  to  occur,  providing  a  signal  that 
a  strong  correlation  exists.  If  only  a  mild  correlation  exists,  then  addition  of  the  second 
variable  can  still  result  in  an  increased  R2  value-meaning  that  the  second  variable  did  in 
fact  offer  some  additional  explanatory  power  to  the  overall  variance  in  the  predicted 
quantity.  Therefore,  depending  on  the  specific  variables,  a  high  rank  as  predicted  by  the 
SRRC  value  can,  in  the  case  of  strong  correlations,  result  in  a  minor  contribution  to  the 
explanatory  power  of  the  step- wise  regression  model. 

Results  in  Tables  5-1 A  and  5- IB  indicate  that  the  dose  to  the  AI  tissues,  as  a  single 
variable,  contributes  the  most  to  the  variance  in  U-^/A^  for  dp  <  -10  urn.  As  dp 
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approaches  10  urn,  the  dose  to  the  BB  secretory  cell  layer  along  with  parameters 

associated  with  its  apportionment  factors,  namely  WBB,  become  the  larger  contributors  to 

uncertainties  in  Bth/Ae.  For  a  polydisperse  aerosol  with  an  activity  median  diameter 

within  the  range  of  sizes  examined  here  and  a  GSD(dp)  of  about  3,  it  is  expected  that  the 

dose  to  the  AI  region  would  generally  dominate  as  the  most  sensitive  contributor  to 

variabilities  in  the  lung  dose.  This  dominance  is  expected  because  activity  associated  with 

smaller  particle  sizes  (where  dose  to  the  AI  dominates  the  uncertainty)  generally 

contributes  more  to  the  lung  dose  than  activity  associated  with  larger  particles.  This 

concept  was  illustrated  in  section  5.3.5. 

5.4.2.  Regional  Tissue  Doses 

Investigations  of  parameter  sensitivities  for  equivalent  dose  (per  activity  exposure) 
were  conducted  for  all  five  thoracic  target  tissues.  Results  are  shown  in  Tables  5-2A  and 
5-2B  for  HCBB.J/Ae;  in  Tables  5-3A  and  5-3B  for  H(BBbJ/AE;  in  Tables  5-4A  and  5-4B 
for  HOb.J/A,:;  in  Tables  5-5A  and  5-5B  for  H(AI)/AE;  and  in  Tables  5-6A  and  5-6B  for 
H(LNth)/AE.  The  R2  values  that  appear  in  Tables  5-2  A,  5-3 A,  5-4A,  5-5A,  and  5-6A 
provide  measures  of  the  validity  of  the  rank-regression  approach  for  explaining  model 
sensitivity.  Generally,  for  all  target  tissues  and  all  particle  sizes  examined,  the  rank- 
regression  approach  was  able  to  explain  over  90%  of  the  variability  in  dose  quantities. 
Although  the  results  in  these  tables  provide  support  for  a  very  detailed  discussion  (for 
exposure  to  given  particle  sizes),  the  discussion  in  following  paragraphs  is  limited  to  more 
general  findings.  It  is  stressed  that  these  results  apply  to  inhaled  239Pu02;  however,  for 
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Table  5-2  A.  Equivalent  dose  to  BB  secretory  cell  layer,  HrBB^VA,.:  Ranking  of  variables 
based  on  standardized  rank  regression  coefficients  (SRRC)  for  inhalation  of  239Pu02-laden 
aerosols. 


Description  of  Variable 


Symbol 


Particle  Diameter  (urn) 
0.1  1  5  10 


Particle  clearance  rate  constant:  BB,  to  ET2 

Particle  clearance  rate  constant:  BB2  to  ET2 

Particle  clearance  rate  constant:  BB2  to  LNth 

Fraction  of  BB  deposit  assigned  to  BB,^ 

BB  cilia/sol  layer  thickness 

BB  epithelium  thickness 

BB  macrophage  layer  thickness 

BB  macrophage  layer  depth 

BB  secretory  cell  nuclei  layer  depth 

BB  surface  area 

BB  deposition  fraction 

AI  deposition  fraction 

Slow-cleared  fraction  of  BB  deposit  (to  BB2) 

Ventilation  rate 


Coefficient  of  Determination 


R2 


m7,ll 

(10) 

m8,ll 

(1) 

(2) 

(5) 

(8) 

n^io 

(7) 

(6) 

faCBB^) 

9 

9 

6 

5 

BBcathk 

(8) 

(8) 

BBepithk 

(2) 

(3) 

(4) 

(4) 

BB«qthk 

(10) 

BB«qdep 

(10) 

(7) 

BB«ecdq> 

(5) 

(5) 

(9) 

SA(BB) 

(7) 

(7) 

(9) 

DFBB 

4 

1 

2 

1 

DF^ 

10 

8 

fs 

6 

6 

1 

2 

vF 

3 

4 

3 

3 

0.94        0.93        0.94       0.89 


Notes:  See  notes  for  Table  5-1  A. 


Table  5-2B.  Equivalent  dose  to  BB  secretory  cell  laver.  HrBBICCVAc:  Results  of  step-wise 
rank-regression  analysis  for  the  four  top-ranked  model  parameters.  Based  on  inhalation  of 
19PuQ2-laden  aerosols  at  specified  particle  diameters,  dn.      


23' 


Ranks 

Included 


1 

1,2 
1,2,3 
1,2,3,4 


dp  =  0.1  urn 


d„  =  1  um 


Variable 
Added 


R2 


m; 


8.11 


BB 


epithk 


DF 


BB 


0.34 
0.61 
0.67 
0.80 


Variable 
Added 


DF 


BB 


m. 


■8.11 


BB, 


epithk 


Notes:  See  notes  for  Table  5-1B. 


R2 


0.49 
0.69 
0.81 
0.88 


dp  =  5  um 


cL=10um 


Variable 
Added 


DFBB 

VE 

BB, 


epithk 


0.34 
0.69 
0.74 
0.81 


Variable 
Added 


DF, 

f, 

VE 

BB, 


BB 


epithk 


R2 


0.33 
0.67 
0.72 
0.78 
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Table  5-3A.  Equivalent  dose  to  BB  basal  cell  layer.  HCBBtJj^:  Ranking  of  variables 
based  on  standardized  rank  regression  coefficients  (SRRC)  for  inhalation  of  239Pu02-laden 
aerosols. 


Description  of  Variable 


Symbol 


Particle  Diameter  (urn) 
0.1  1  5  10 


Particle  clearance  rate  constant:  BB2  to  ET2 

Particle  clearance  rate  constant:  BB2  to  LNth 

Fraction  of  BB  deposit  assigned  to  BB,^ 

BB  cilia/sol  layer  thickness 

BB  epithelium  thickness 

BB  macrophage  layer  depth 

BB  basal  cell  nuclei  layer  thickness 

BB  surface  area 

BB  deposition  fraction 

AI  deposition  fraction 

Slow-cleared  fraction  of  BB  deposit  (to  BB2) 

Ventilation  rate 

Coefficient  of  Determination 

Notes:  See  notes  for  Table  5-1  A. 


m 


8,11 

n^.io 

faCBB^) 

BB. 


'cflthk 


epithk 

scqdcp 


BB 
BB 

BBb*ithk 
SA(BB) 

DFBB 


_L 


(2) 

(7) 

6 

(10) 

(1) 

5 

(9) 

4 

8 
3 


(3) 
(7) 

6 

(9) 
0) 

5 
(10) 

2 

8 

4 


(8) 
(6) 

5 

(2) 
(7) 

(10) 
1 

9 
3 
4 


(8) 
(5) 

3 

(6) 
(7) 

(9) 

1 
10 

2 
4 


0.94       0.94       0.93       0.84 


Table  5-3B.  Equivalent  dose  to  BB  basal  cell  laver.  HfBB^VAc:  Results  of  step-wise 
rank-regression  analysis  for  the  four  top-ranked  model  parameters.  Based  on  inhalation  of 
^PuO^-laden  aerosols  at  specified  particle  diameters,  d 


23' 


dp  =  0.1  urn 


Ranks 
Included 


1 

1,2 
1,2,3 
1,2,3,4 


Variable 
Added 


R: 


BB 


epithk 


m: 


8,11 

vE 

DFBB 


0.82 
0.85 
0.86 
0.89 


dp  =  1  um 


Variable 
Added 


BB 


epithk 


DFbb 
m8,n 


Notes:  See  notes  for  Table  5-1B. 


0.68 
0.84 
0.87 
0.89 


dp  -  5  um 


10  um 


Variable 
Added 


R: 


DFBB 
BB 


epithk 


vR 


0.32 
0.54 
0.65 
0.71 


Variable 
Added 


VF 


R2 


DFBB  0.39 

f;  0.51 

UBB^)       0.60 


0.66 
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Table  5-4A.  Equivalent  dose  to  bb  secretory  cell  nuclei  layer,  HQ^b^/A^.  Ranking  of 
variables  based  on  standardized  rank  regression  coefficients  (SRRC)  for  inhalation  of 
239Pu02=laden  aerosols. 


Particle  Diameter  (urn) 

Description  of  Variable 

Symbol 

0.1 

1 

5 

10 

Particle  clearance  rate  constant,  bb,  to  BB! 

^4,7 

(9) 

(7) 

(6) 

Particle  clearance  rate  constant:  bb2  to  BBj 

m5,7 

0) 

(1) 

(5) 

(5) 

Particle  clearance  rate  constant:  bb2  to  LNtl 

1  "Vio 

(9) 

Fraction  of  bb  deposit  assigned  to  bb^ 

WW 

7 

bb  cilia  layer  thickness 

bbcihhk 

(9) 

bb  epithelium  thickness 

bbepiftk 

(5) 

(7) 

(8) 

(8) 

bb  subepithelial  layer  depth 

bb.ut*hk 

(7) 

(4) 

(6) 

(10) 

bb  secretory  cell  nuclei  layer  depth 

bb,^ 

(8) 

(10) 

(10) 

bb  surface  area 

SA(bb) 

(6) 

(8) 

(9) 

bb  deposition  fraction 

DFbb 

3 

3 

1 

1 

AI  deposition  fraction 

DFa, 

10 

5 

4 

4 

Slow-cleared  fraction  of  bb  deposit  (to  bb2) 

f, 

4 

6 

2 

2 

Ventilation  rate 

vF 

2 

2 

3 

3 

Coefficient  of  Determination 

R2 

0.93 

0.89 

0.92 

0.95 

Notes:  See  notes  for  Table  5-1  A. 

Table  5-4B.  Equivalent  dose  to  bb  secretory  cell  nuclei  layer.  Hfbbacc)/AE:  Results  of  step- 
wise rank-regression  analysis  for  the  four  top-ranked  model  parameters.  Based  on 
inhalation  of  B9PuO?-laden  aerosols  at  specified  particle  diameters,  dn 


dp  =  0.1  urn 

dP=l 

urn 

dp  =  5 

1 B^ 

um 

dP  = 

10  jim 

Ranks 

Variable 

Variable 

Variable 

Variable 

Included 

Added         R2 

Added 

R2 

Added 

R2 

Added 

R2 

1 

m57             0.52 

"15,7 

0.37 

OF*, 

0.55 

DF,, 

0.78 

1,2 

VE               0.65 

vE 

0.47 

f, 

0.76 

f, 

0.90 

1,2,3 

DFm,            0.78 

OF* 

0.68 

vE 

0.81 

vE 

0.91 

1,2,3,4 

t                 0.83 

bbsubthk 

0.74 

DF^ 

0.83 

DF^ 

0.92 

Notes:  See 

!  notes  for  Table  5-1 

B. 
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Table  5-5  A.  Equivalent  dose  to  AI  tissue.  HfAIVA,.:  Ranking  of  variables  based  on 
standardized  rank  regression  coefficients  (SRRC)  for  inhalation  of  239PuO?-laden  aerosols. 

Particle  Diameter  (um) 

Description  of  Variable Symbol        0. 1 

Particle  clearance  rate  constant:  AI2  to  bbx     m 
Particle  clearance  rate  constant:  AI3  to  bbt 


1 


m 


2,4 
3,4 


Particle  clearance  rate  constant:  AI3  to  LNth  m3 10 
Fraction  of  deposit  absorbed  rapidly  (blood)  £ 
Blood  absorption  rate  constant  (rapid  phase)  sr 
Blood  absorption  rate  constant  (slow  phase)  s, 
Fraction  of  AI  deposit  assigned  to  AI,  fd(AIi) 

Lung  mass  M(lung) 

AI  deposition  fraction  DF, 

Ventilation  rate 


AI 


Coefficient  of  Determination 


R2 


(4) 
(6) 
(8) 
(9) 
10 

(3) 
(7) 
(5) 

2 

1 


(4) 
(5) 
(9) 

(8) 

10 

(3) 
(7) 
(6) 

1 

2 


(4) 
(6) 
(9) 
(8) 
(10) 

(3) 
(7) 
(5) 

1 
2 


0.93        0.92       0.95 


10 


(4) 
(6) 
(8) 
9 
10 
(3) 
(7) 
(5) 
1 
2 


0.99 


Notes:  See  notes  for  Table  5-1A. 


Table  5-5B.  Equivalent  dose  to  AI  tissue.  Hf  AIVAr:  Results  of  step-wise  rank-regression 
analysis  for  the  four  top-ranked  model  parameters.  Based  on  inhalation  of  239Pu02-laden 
aerosols  at  specified  particle  diameters,  dp. 


d.  =  0.1  urn 


Ranks 
Included 


1 

1,2 
1,2,3 
1,2,3,4 


Variable 
Added 


R2 


VF 


DF 


AI 


s. 


m 


2,4 


0.36 
0.60 
0.81 
0.88 


dp  =  1  um 


Variable 
Added 


AI 


DF 
VE 
S. 

m2,4 


Notes:  See  notes  for  Table  5- IB. 


R: 


0.33 
0.61 
0.80 
0.88 


dp  =  5  um 


Variable 
Added 


DF 
VE 
s. 


AI 


0.78 
0.86 
0.92 
0.93 


dp=  10  um 
Variable 


Added 


DF^ 

VE 

s, 

m2,4 


R2 


0.94 
0.96 
0.98 
0.98 
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Table  5-6 A.  Equivalent  Dose  to  thoracic  lymph  nodes  (LNthl  HrLNthVAE:  Ranking  of 
input  variables  based  on  standardized  rank  regression  coefficients  (SRRC)  for  inhalation  of 
239PuQ2-laden  aerosols. 


Description  of  Variable 


Symbol 


Particle  Diameter  (urn) 
0.1  1  5  10 


Particle  clearance  rate  constant:  AI3  to  bb. 
Particle  clearance  rate  const.:  AI3  to  LNth 
Particle  clearance  rate  const 
Particle  clearance  rate  const 


m 


bb^toLNth 


3,4 
m3,10 


BB^  to  LNth  m^o 


Fraction  of  deposit  absorbed  rapidly  (blood)  £ 
Blood  absorption  rate  constant:  rapid  phase  s,. 
Blood  absorption  rate  constant:  slow  phase 
Fraction  of  BB  deposit  assigned  to  BB,^ 
Fraction  of  bb  deposit  assigned  to  bb^ 
Lymph  node  mass  (LNth) 
BB  deposition  fraction 
bb  deposition  fraction 
AI  deposition  fraction 
Ventilation  rate 


) 


s. 

WW 

M(LNth) 

DFbb 
OF* 


Coefficient  of  Determination 


R2 


(5) 

3 


(9) 
(10) 

0) 

7 
(6) 

8 
4 

2 


(5) 

4 


(1) 

8 

9 

(6) 

7 
10 
3 

2 


(10) 
7 


(1) 

5 

8 

(9) 

3 
6 

2 
4 


9 
10 


(2) 

3 
8 

(7) 
1 

5 
6 
4 


0.94        0.93      0.92       0.91 


Notes:  See  notes  for  Table  5-1  A. 


Table  5-6B.  Equivalent  dose  to  LNth  tissue.  HfLNthVAE.-  Results  of  step-wise  rank- 
regression  analysis  for  the  four  top-ranked  model  parameters.  Based  on  inhalation  of 


239Pu02-laden  aerosols  at  specified  particle  diameters,  d„. 

dp  =  0.1  urn 

dp  =  1  urn 

dP  =  5 

urn 

dp  =10 

urn 

Ranks 

Variable 

Variable 

Variable 

Variable 

Included 

Added         R2 

Added          R2 

Added 

R2 

Added 

R2 

1 

s,                 0.73 

s,                 0.67 

s, 

0.38 

DFBB 

0.36 

1,2 

VE               0.83 

VE                0.76 

DF^ 

0.69 

s, 

0.76 

1,2,3 

m3>10            0.87 

DFa!             0.85 

DFBB 

0.81 

WB~) 

0.79 

1,2,3,4 

DFM            0.91 

m3,,o              0.90 

vE 

0.86 

vE 

0.80 

Notes:  Se« 

:  notes  for  Table  5-1 

B. 
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similar  materials  (i.e.,  long-lived,  relatively  insoluble,  primarily  alpha-emitting  materials), 

the  results  are  expected  to  be  very  similar. 

5.4.2. 1.  Bronchial  region:  secretory  cell  layer,  BB,^ 

Over  the  particle  size  range  examined,  various  subsets  of  the  five  following  input 
variables  explain  about  80%  of  the  variability  in  HtBB.J/Ag:  (1)  the  fraction  of  activity 
deposited  in  the  BB  region,  DFBB,  (2)  the  slow-clearing  fraction  of  the  tracheobronchial 
deposition,  f„  (3)  the  ventilation  rate,  VE,  (4)  the  thickness  of  the  bronchial  epithelium, 
BBepi^k,  and  (5)  the  clearance  rate  constant  for  particle  transport  from  compartment  BB2 
to  ET2  (see  Figure.  2-6  and  Table  2-5).  As  an  example,  Table  5-2B  indicates  that  for 
particles  with  dp  >  -5  urn,  roughly  70%  of  the  variability  in  H^B.J/Ae  is  explained  by 
variabilities  in  only  two  parameters,  DFBB  and  £,  For  smaller  particles  (dp  ~  0. 1  urn),  mg  „ 
and  BB^  together  account  for  about  60%  of  the  variability  in  H^BB^/A,;.  The 
ventilation  rate  contributes  about  5-8%  to  the  variability  in  H(BB,J/AE  over  the  range  of 
sizes  examined. 

5.4.2.2.  Bronchial  region:  basal  cell  layer.  BBbjJ 

Generally,  the  same  variables  are  important  for  this  target  tissue  as  discussed 
above  for  BB^.  As  above,  H(BBba)/AE  was  found  to  be  sensitive  to  DFBB,  f,,  BB^, 
mg  n,  and  VE.  For  the  largest  particle  size  examined  (dp  =  10  urn),  the  fraction  of  activity 
deposited  in  the  BB  region  which  is  assigned  to  the  sequestered  compartment,  fd(BB    ), 
was  also  among  the  four  top-ranked  variables.  For  smaller  particles  (dp  ~0. 1  urn),  the 
dose  is  very  sensitive  to  thickness  of  the  bronchial  epithelium;  roughly  80%  of  the 
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variability  in  dose  is  explained  by  variation  in  thickness,  BB,^.  As  size  increases,  dose  to 
the  BB  basal  cell  layer  becomes  increasingly  more  sensitive  to  changes  in  DFBB  and  fj; 
however,  as  indicated  by  the  decreasing  value  of  R2  in  the  fourth  row  of  Table  5-3B,  the 
model  is  also  sensitive  to  a  larger  number  of  variables  (the  top-four  ranked  variables  only 
account  for  66%  of  the  variance  at  dp  =  10  urn). 

5.4.2.3.  Bronchiolar  region:  secretory  cell  layer,  bbKC 

Tables  5-4A  and  5-4B  show  results  of  sensitivity  analyses  for  F^bb^/Ae.  Six 
input  variables  described  most  of  the  variability  in  F^bb^/A^  As  listed  in  Table  5-4B 
these  six  variables  include  DF^,  f„  VE,  DF^,  m5  7  (clearance  rate  constant  from 
compartment  bb2  to  BB„  e.g.,  see  Fig.  2-6),  and  bb>ubthk  (the  thickness  between  the  AI 
region  and  the  basement  membrane  of  the  bronchiolar  epithelium).  Results  indicate  that 
for  smaller  particle  diameters,  the  dose  is  most  sensitive  to  m5  7~over  50%  of  the 
variability  in  dose  is  explained  by  this  variable  for  dp  =  0. 1  urn.  For  larger  particles 
HtbhseJ/Ag  is  most  sensitive  to  the  deposition  fraction,  DF^-over  50%  of  the  variability 
in  the  dose  is  explained  by  this  variable  for  dp  £  5  jam. 

5.4.2.4.  Alveolar-interstitial  region:  AI  tissues 

The  variability  in  H(AI)/AE,  while  influenced  by  particle  diameter,  depends 
primarily  on  four  variables:  DFa,,  Ve,  s,  (the  absorption  rate  constant  for  clearance  of  the 
slow-cleared  phase  of  the  deposited  material  to  the  blood),  and  mXi  (the  clearance  rate 
constant  associated  with  particle  transport  from  compartment  AI2  to  bb,).  Generally,  for 
smaller  particles  (dp  <  ~1  urn),  DF^  and  VE  contribute  (approximately)  equally  to  the 
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variability  in  I^AiyA^-accounting  for  about  60%  of  the  variability  together.  The  rate 

constant  representing  slow-phase  absorption  from  the  AI  compartments  to  the  blood,  s„ 

contributes  an  additional  20%  to  the  uncertainty  in  H(AI)/Ae.  For  larger  particles,  the  AI 

deposition  fraction,  DF^,  dominates  the  dose  variability-accounting  for  78%  of  the 

variability  at  dp  =  5  urn  and  94%  of  the  variability  at  dp  =  10  urn. 

5 .4.2. 5.  Thoracic  lymph  node  region:  LNth  tissues 

Although  the  dose  to  the  thoracic  lymph  nodes  is  generally  not  of  much  concern 
from  a  risk  perspective,  the  variability  in  H(LNth)/A,:  is  examined,  for  completeness,  in 
Tables  5-6A  and  5-6B.  These  tables  indicate  that  H(LNth)/AE  is  sensitive  primarily  to  s, 
(which  represents  the  rate  constant  for  slow-phase  absorption  of  material  from  all 
respiratory  tract  regions,  except  ET„  to  the  blood)  and  to  VE,  DF^,  and  DFBB.  A  large 
sensitivity  with  respect  to  DFBB  occurs  only  for  larger  particle  sizes  (dp  -  5  urn  and 
greater).  For  the  particle  diameters  from  about  0.1  to  1  urn,  ss  appears  to  account  for 
about  70%  of  the  variance  in  H(LNth)/AE.  As  dp  increases  to  larger  sizes,  the  contribution 
made  by  s,  to  the  variability  in  H(LNth)/AE  decreases  to  about  40%.  The  ventilation  rate 
contributes  about  10%  to  the  variance  at  smaller  sizes  (~  0.1  urn);  however,  this 
contribution  decreases  to  -1%  at  larger  sizes  (-10  urn).  At  larger  sizes  the  deposition 
fraction  in  the  BB  region  becomes  important-accounting  for  -35%  of  the  variability  in  the 
dose  at  dp  =  10  urn. 
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5.5.  Deposition  Sensitivity  Results 
The  results  shown  in  the  previous  tables  do  not  include  detailed  analyses  with  input 
variables  of  the  deposition  model;  rather,  these  tables  summarize  results  of  analyses  with 
deposition  fractions  as  inputs  to  the  clearance  and  dose  models.  Generally,  the  previous 
results  indicate  that  uncertainty  in  deposition  fractions  are  among  the  larger  contributors 
to  the  uncertainty  in  the  predicted  equivalent  doses  to  target  tissues  in  the  lungs.  For 
example,  Tables  5-5A  and  5-5B  indicate  that  a  large  amount  (-24%  to  94%  depending  on 
particle  size)  of  the  variability  in  H(AI)/Ae  is  due  to  variability  in  the  fraction  of  inhaled 
activity  deposited  in  the  AI  region,  denoted  DF^.    So  the  next  logical  step  in  examining 
model  sensitivity  was  to  perform  sensitivity  analyses  on  input  variables  for  the  deposition 
model.  Sensitivity  results  for  deposition  model  predictions  (i.e.,  deposition  fractions)  are 
presented  in  Table  5-7  and  in  Tables  5-8A,  5-8B,  and  5-8C  for  the  BB,  bb,  and  AI 
regions,  respectively.  Table  5-7  shows  the  ranks  of  various  deposition  model  variables  as 
predicted  by  SRRC  analysis.  Some  measure  of  the  validity  of  this  approach  is  indicated  by 
the  R2  values  shown  in  Table  5-7;  generally,  again  rank  regression  is  able  to  account  for 
over  90%  of  the  variance  in  deposition  fractions.  Table  5-8  shows  results  of  step-wise 
regression  analyses  (at  four  particle  diameters)  for  the  top  four  variables  identified  in  Table 
5-7.  As  in  previous  tables,  these  results  are  based  on  regression  analyses  with  the  rank- 
transformed  (input  and  output)  data  for  the  adult  male  population  group  (25-34  years  at 
light  exertion). 
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Table  5-7.  Ranking  of  the  top  ten  input  variables  as  determined  by  standardized  rank-regression 
coefficients  (SRRCs)  for  deposition  fractions  in  respiratory  tract  regions.  Based  on  unit  density 
spheres  (monodisperse)  and  a  population  group  of  25-34  year  old  males  at  light  exertion. 


Description  of  Variable 


Symbol 


Anatomical  dead  space 

Ventilation  rate 

Tidal  volume 

Functional  residual  capacity 

Vital  capacity 

Nasal  flow  fraction 


VD 
VE 

vT 

FRC 
VC 


Output:  DFBB 

dp(um) 

0.1      1       5      10 


Output:  DFy, 

dp(nm) 

0.1      1       5      10 


4 

(3) 

5 

(7) 


(9) 

(7)     (4) 
10 


jGLilLltt 


3  3      (7)  (7) 

(2)  (2)    (5)  (1) 

6  (9)  (9) 

(9)  10 

GLMJSL 


Output:  D¥M 

dp  (um) 

0.1      1       5      10 


(5)    (9)  7 

(3)    (1)  (2)    (1) 

12  6       9 
6 

JSLIiLJBL 


Tracheal  diameter  do 

Generation  9  diameter  d, 

Generation  15  diameter  d^ 

Inhalability  Ic 

Aero,  uncertainty  term  for  ET,  cM(ET,) 

Aero,  uncertainty  term  for  ET2  cK(ET2) 

Aero,  uncertainty  term  for  BB  c^CBB) 

Aero,  uncertainty  term  for  bb  cM(bb) 

Aero,  uncertainty  term  for  AI  c^(AI) 


(1) 

9 
6 


(3)     4 


4 

(7) 

(6) 

1 


10 

5 

(6) 

(2) 

3 


6 

(8) 

(2) 

5 


(5) 
(4) 
8 
10 


(9) 


4       8 

(8)    (10) 


(6) 

1 
.00). 


(3) 
(6) 

4 


8 

(5) 
(3) 
6 


8       7       4       4 
10 

5       8       8 
(10) 


(9)    (8) 


(3) 
(5) 
(9) 

7 


(6) 
(2) 

(5) 


Thermo,  uncertainty  term,  ET,    cth(ET, ) 
Thermo,  uncertainty  term,  ET2   cth(ET2) 
Thermo,  uncertainty  term  for  BB  c,h(BB) 
Thermo,  uncertainty  term  for  bb  c^bb) 
Thermo,  uncertainty  term  for  AI  c,h(AI) 


(10) 


10      8 


Coefficient  of  Determination      R2 


(8) 


0.95  0.95  0.90  0.90 


1 
(7) 


(7) 

2 


0.94  0.92  0.90  0.91 


0.92  0.91  0.90  0.90 


Notes:  See  notes  for  Table  5-1  A.  Methods  have  assumed  non-hygroscopic  aerosols.  Parentheses 
indicate  negative  values  for  the  SRCC. 
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Table  5-8  A.  Deposition  fraction  for  BB  region,  DFDD:  Results  of  step-wise  rank- 
regression  analysis  for  the  four  top-ranked  model  parameters  in  Table  5-7.  Based  on 
inhalation  of  non-hygroscopic  aerosols  with  specified  particle  diameters,  d_. 


dp  =  0.1  urn 


Ranks 
Included 


1 

tf 

1,2,3,4 


dp=l  um 


Variable 
Added 


R2 


do 
cJBB) 


0.23 
0.51 
0.72 
0.94 


Variable 
Added 


c„(BB) 
VE 
do 
L 


0.48 
0.78 
0.88 
0.90 


dp  =  5  um 

Variable 
Added  R2 


dp=  10  um 


F„ 

c«(ET2) 
cJBB) 
do 


0.35 
0.69 
0.86 
0.87 


Variable 
Added 


R2 


F„ 
cJET2) 

do 


0.36 
0.72 
0.80 
0.86 


^otes:  See  notes  for  Table  5- IB;  exposure  scenario  and  variables  same  as  in  Table  5-7. 


Table  5-8B.  Deposition  fraction  for  bb  region.  DFbb    Results  of  step-wise  rank-regression 
analysis  for  the  four  top-ranked  model  parameters  in  Table  5-7.  Based  on  inhalation  of 
non-hygroscopic  aerosols  with  specified  particle  diameters,  dp. 


Ranks 
Included 


1 

1,2 
1,2,3 
1,2,3,4 


dp  =  0.1  um 

Variable 
Added         R2 


Cth(bb) 


d, 


0.43 
0.63 
0.76 
0.89 


dp  =  1  um 

Variable 
Added  R2 


c„(bb) 


0.46 
0.65 
0.74 
0.79 


dp  =  5um 

Variable 
Added  R2 


Fn 
do 

c«(ET2) 
cjbb) 


0.28 
0.45 
0.62 
0.74 


dp=10um 

Variable 
Added         R2 


do 
cJBB) 


0.19 
0.43 
0.65 
0.82 


Notes:  See  notes  for  Table  5- IB;  exposure  scenario  and  variables  same  as  in  Table  5-7. 


Table  5-8C.  Deposition  fraction  for  AJ  region.  DF^:  Results  of  step-wise  rank-regression 
analysis  for  the  four  top-ranked  model  parameters  in  Table  5-7.  Based  on  inhalation  of 
non-hygroscopic  aerosols  with  specified  particle  diameters,  dr.      


Ranks 

Included 


1 

1,2 
1,2,3 
1,2,3,4 


dp  =  0.1  um 

Variable 
Added  R2 


VT 
c*(AD 

vE 

d15 


0.15 
0.49 
0.62 
0.88 


Notes:  See  notes  for  Table  5-1 


dp=  1  Um 

Variable 
Added  R2 


VE 
VT 
cJAI) 

d15 


0.33 
0.61 
0.80 
0.88 


dp  =  5  um 

Variable 
Added  R2 


Fn 
VE 
cJET2) 

do 


0.26 
0.47 
0.66 
0.82 


dp=10um 

Variable 
Added 


R2 


VE 

c«(BB) 
F„ 
do 


0.34 
0.50 
0.62 
0.77 


B;  exposure  scenario  and  variables  same  as  in  Table  5-7. 
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In  contrast  to  sensitivity  results  for  dose  predictions,  which  were  based  on  239Pu02, 

the  sensitivity  results  for  deposition  predictions  are  generally  applicable  to  many  other 

exposure  scenarios  (involving  different  radionuclides  and  chemical  forms).  This  assertion 

is  supported  because  the  deposition  model  is  generally  independent  of  the  radionuclide  and 

its  chemical  form.  However,  an  exception  exists  for  hygroscopic  aerosols  which  tend  to 

increase  in  size  upon  entering  the  saturated  conditions  of  the  respiratory  tract.  The  results 

in  Table  5-7  and  5-8  apply  to  nonhygroscopic  (and  non-fibrous)  aerosols.  In  deriving 

these  results  conditions  similar  to  those  used  in  Tables  5-1  through  5-6  have  been 

assumed.  Namely,  particles  are  assumed  to  be  monodisperse  (single  size),  unity  density 

spheres  (so  that  physical  diameters  equal  aerodynamic  diameters)  and  the  population 

group  was  taken  to  be  25-34  year  old  males  at  light  exertion. 

Data  in  Tables  5-7  and  5-8  generally  indicate  a  rather  complex  pattern  of 

sensitivity  for  the  deposition  model  that  depends  on  particle  size.  This  result  is  expected 

since  primary  deposition  mechanisms  change  from  thermodynamic  (e.g.,  diffusion  to 

airway  walls)  to  aerodynamic  (e.g.,  impaction  with  walls  and  gravitational  settling)  as 

particle  size  increases  from  0. 1  to  10  urn.  Although  a  limited  range  of  particles  diameters 

has  been  examined  in  this  study,  the  deposition  model  can  be  used  for  smaller  particles 

(down  to  thermodynamic  diameters  of -0.001  urn).  The  present  application  of  the  model 

is  limited  to  sizes  that  are  of  more  practical  concern  for  plutonium  oxide  aerosols 

(discussed  in  section  5.2).  More  specific  findings  are  discussed  below. 
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5.5.1.  Bronchial  Region 

As  indicated  in  Table  5-7  and  5-8 A,  the  sensitivity  of  DFBB  with  respect  to  its  input 

variables  changes  with  particle  diameter.  For  dp  =  0. 1  urn,  Table  5-8A  indicates  that  do, 

c^BB),  VE,  and  VD  each  contribute  over  about  20%  to  the  variability  in  DFBB.  The 

tracheal  diameter,  d^  determines  the  BB  deposition  scaling  factor,  SF„  used  to  adjust 

deposition  efficiencies  from  reference  man  to  agree  with  airway  dimensions  sampled 

during  individual  trials.  The  ventilation  rate,  VE,  is  directly  proportional  to  the  volumetric 

flow  rate  and  influences  residence  time  of  particles  in  various  deposition  regions 

(important  for  diffusion  deposition  mechanisms)  and  the  velocity  of  particles  in  airway 

generations  (important  for  aerodynamic  deposition  mechanisms).  The  volume  of  the  BB 

region  is  related  to  the  anatomical  dead  space,  VD.  If  VD  increases,  the  residence  time  of 

particles  in  the  BB  region  increases-resulting  in  a  larger  thermodynamic  deposition 

efficiency.  For  a  given  tidal  volume,  an  increase  in  the  volume  of  the  BB  region  also 

results  in  less  inhaled  particles  reaching  other  deposition  regions.  For  larger  particles  the 

fraction  of  air  breathed  via  the  nasal  pathway,  Fn,  becomes  influential-contributing  about 

35%  of  the  variability  in  DFBB.  The  error  term  for  the  aerodynamic  deposition  efficiency 

of  the  ET2  region,  ^(ETj)  (e.g.,  see  section  4.1.12),  also  becomes  important-accounting 

for  an  additional  -35%  of  the  variability  in  the  deposition  fraction. 

5.5.2.  Bronchiolar  Region 

Sensitivity  of  the  deposition  model  to  input  variables  in  the  bb  region  shows  a 
similar  pattern  as  the  BB  region.  For  small  particle  diameters  (d  =  0. 1  urn)  sensitive 
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parameters  include  the  error  term  to  account  for  uncertainties  in  the  deposition  efficiency 

in  the  bb  region,  cA(bb)~which  accounts  for  over  40%  of  the  variability  in  DF^,.  Other 

parameters  of  importance  include  the  ventilation  rate,  the  anatomical  dead  space,  and  the 

diameter  of  airway  generation  9,  d<>  (which  is  used  to  compute  the  deposition  scaling 

factor,  SFb,  for  the  bb  region).  As  for  the  BB  region,  for  larger  particle  diameters  Fn 

becomes  important-contributing  28%  of  the  variability  at  dp  =  5  urn  and  about  17%  at  dp 

=  10  urn.  At  these  larger  diameters,  the  tracheal  diameter,  d0,  is  also  found  to  be  an 

influential  parameter,  accounting  for  some  20%  of  the  variability  in  DFy,.  This  finding  is 

not  obvious;  however,  an  explanation  is  possible.  As  discussed,  d0  is  used  to  compute  SF„ 

which  is  a  factor  in  the  mathematical  expressions  adopted  to  predict  aerodynamic 

deposition  efficiencies  in  the  ET2  and  BB  regions.  As  d0  increases,  SFt(SF,  =  1.65/d0) 

decreases;  this  decrease  results  in  smaller  aerodynamic  deposition  efficiencies  in  ET2  and 

BB  (i.e.,  see  Table  2-1  and  2-2,  noting  footnotes)~so  that  more  inhaled  activity  is 

available  to  deposit  in  bb.  Therefore,  d0  is  (positively)  correlated  with  DFbb  for  larger 

particles  (where  aerodynamic  deposition  mechanisms  dominate). 

5.5.3.  Alveolar-Interstitial  Region 

Sensitivity  results  for  DF^  are  shown  in  Table  5-8C.  For  the  smallest  particles 
examined  (dp  =  0. 1  urn),  thermodynamic  mechanisms  continue  to  dominate  (as  for  DFBB 
and  DFbb  at  this  particle  size)  as  indicated  by  an  added  contribution  to  R2  of  about  35%  by 
Cft(AI).  Note  also  that  for  this  particular  size,  the  rank  based  on  SRRC  values  resulted  in 
VT  as  the  most  sensitive  parameter;  however,  step-wise  regression  analysis  indicates  that 
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c^AI)  contributes  more  to  the  variability  in  DF^.  This  result  is  not  contradictory  since 
the  most  sensitive  variable  does  not  necessarily  have  to  contribute  the  most  to  the 
uncertainty  in  the  model  output.  For  example,  a  sensitive  variable  that  possesses 
negligible  variability  will  generally  not  contribute  much  to  the  variability  in  the  model 
prediction.  For  larger  particle  sizes  (dp  >  5  urn),  the  sensitivity  is  almost  the  same  as  that 
seen  for  the  bb  region.  The  values  of  DF^  and  DFbb  are  both  sensitive  to  parameters 
affecting  deposition  in  BB  and  ET2  regions—since  less  deposition  in  these  regions  results 
in  a  potentially  larger  depositions  in  bb  and  AI. 

5.6.  Implications  of  Dose  Results  and  Comparison  to  Reference  Man  Dose 
As  shown  above,  uncertainty  and  sensitivity  analyses  of  complex  models  lead  to  a 
very  large  amount  of  numerical  information.  It  is  desirable  to  find  a  practical,  yet 
defensible,  manner  to  use  the  information  produced  by  such  analyses  in  dose  assessment 
activities.  Based  on  the  distributions  assigned  to  various  model  parameters  and  on  the 
model  structure,  it  has  been  observed  that  the  resulting  numerical  distributions  obtained 
for  specific  model  predictions  (e.g.,  DFBB,  H(AI)/Ae,  H^/A^,  etc.)  are  generally 
represented  well  by  lognormal  distributions.  To  support  this  statement,  Figure  5-13 
shows  a  log-probability  plot  of  various  equivalent  doses  in  the  thoracic  target  tissues  and 
the  lungs  (weighted  sum).  These  data  are  based  on  an  exposure  to  an  assumed  lognormal 
activity  size  distribution  with  an  AMAD  of  5  urn  and  a  typical  GSD(dp)  of  2.5.  A  typical 
mass  density  of  p=3  g/cm3  and  shape  factor  of  %  =  1.5  were  assumed  for  particles,  and  a 
population  group  of  males  aged  25-34  years  was  selected  at  the  light  exertion  level. 
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Generally,  the  distribution  in  predicted  dose  for  each  target  tissue  forms  a  straight 
line  on  the  log-probability  plot  indicating  that  these  dose  distributions  can  be 
approximated  by  a  lognormal  probability  density  function.  Although  not  shown,  this  same 
general  result  is  also  seen  for  deposition  model  predictions  (i.e.,  regional  deposition 
fractions)  and  for  clearance  model  predictions  (i.e.,  the  total  number  of  disintegrations 
occurring  in  source  components).  Therefore,  as  a  practical  result,  results  of  uncertainty 
analyses  presented  in  this  chapter  for  ^uOj  can  be  approximated  by  two  quantities:  the 
geometric  mean,  GM,  and  the  geometric  standard  deviation,  GSD,  of  the  predicted 
quantity. 

Data  for  both  geometric  means  and  geometric  standard  deviations  are  listed  in 
Table  E-3  of  Appendix  E  for  most  of  the  exposure  scenarios  discussed  in  this  chapter. 
Values  were  computed  for  the  GM  and  GSD  for  equivalent  doses  to  thoracic  target 
tissues  and  for  the  weighted  dose  to  the  lungs.  As  with  fractiles,  these  estimates  are 
basedon  1000  trials  using  LHS  techniques.  Figure  5-14  is  a  plot  of  the  GSD  in  H/Ag  for 
various  target  tissues  of  interest  in  this  study.  The  values  are  based  on  the  same 
population  group  (25-34  year-old  males)  and  exposure  scenario  as  that  depicted 
previously  in  Figures  5-4  and  5-5.  The  GSD  is  not  influenced  greatly  by  exertion  level  at 
dp  <  ~1  urn  (the  size  range  examined);  however,  for  dp  >  ~1  urn  the  GSD  generally 
increases  for  all  targets  tissues  but  the  BB  basal  cells  (panel  b  of  Fig.  5-14).  As  discussed 
previously,  a  shift  in  the  dominant  source  component  occurs  for  this  tissue  when  the 
particle  size  increases  due  to  the  decrease  in  the  slow-cleared  tracheobronchial  deposition 
fraction,  f;  (discussed  in  section  4.2.2. 1).  For  bb  and  AI  tissues,  GSD  values  increase 
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sharply  with  particle  diameter  as  less  material  deposits  in  these  regions  and  as  the  dose 

goes  to  zero.  In  fact,  inspection  of  Table  E-3  in  Appendix  E  shows  that  the  GSD  in  dose 

is  undefined  for  these  tissues  at  larger  particle  diameters  since  zero  dose  values  were 

predicted  for  some  trials. 

General  conclusions  are  that  (1)  dose  uncertainties  in  the  lung  can  be  modeled  by 
lognormal  distributions  and  that  (2)  GSD  values  for  most  tissues  are  less  than  about  5  for 
particle  diameters  examined  in  this  demonstration  of  LUDUC.  This  result,  for  plutonium 
oxide,  is  expected  to  hold  for  polydisperse  aerosols  as  well,  since  the  dose  uncertainty 
generally  decreases  with  larger  values  of  GSD(dp)  (shown  in  Figures  5-10  and  5-12).  In 
other  words,  in  the  particle  size  range  examined,  the  monodisperse  scenario  generally  sets 
an  upper  limit  on  the  GSD  (in  dose)  values. 5. 7.  Comparison  with  Reference  Man  Doses 

A  final  issue  of  interest  in  this  examination  of  dose  uncertainties  for  plutonium 
oxide  is  how  reference  man-based  dose  values  compare  with  computational  results  in  this 
study.  Workers  at  the  National  Radiological  Protection  Board  have  developed  a  code  that 
implements  the  new  ICRP  respiratory  tract  model  for  reference  man  (Jarvis  et  al.,  1993). 
This  program  is  called  LUDEP  (LUng  Dose  Evaluation  Program).  LUDEP  has  been  run 
in  this  study  for  the  same  exposure  scenarios  as  above  (monodisperse,  unit  density, 
239Pu02-laden  particles),  where  input  parameters  for  reference  man  and  for  a  class  S 
material  (i.e.,  relatively  insoluble  material;  see  section  2.6)  have  been  used.  By  means  of  a 
ratio,  the  results  predicted  by  LUDEP  are  compared  to  the  median  values  computed  in  this 
study  (for  the  25-34  year-old  male  population  group).  Figure  5-15  plots  the  ratio  of 
(h/ae)so%  to  the  reference  man  dose  (as  predicted  by  LUDEP).  Generally,  except  for  the 
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Figure  5-15.  Comparison  of  median  dose  values  computed  in  this  study  to  reference  man 
dose  values  as  predicted  by  LUDEP.  Median  values  are  same  as  in  Figure  5-2(a). 
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BB  basal  cell  layer  and  for  BB  secretory  cells  in  the  larger  particle  size  range,  all  median 
dose  values  agree  well  (within  -10  -  20%)  with  the  reference  man  doses.  (Note  that  this 
study  predicts  a  median  dose  of  zero  for  the  bb  and  AI  tissues  at  dp  >  20  urn  [light 
exertion];  and  dose  to  the  AI  region  is  negligible  compared  to  other  regions  for  dp  >  10 
Urn;  e.g.,  see  Figure  5-4). 

The  distribution  in  equivalent  dose  to  the  BB  basal  cell  layer  is  shifted  toward 
higher  dose  values  in  this  study  with  respect  to  the  reference  man  dose.  This  shift  is  due 
to  the  lower  values  used  in  this  study  for  the  median  thickness  of  the  bronchial  epithelium 
compared  to  the  reference  value.  The  ICRP  (1994)  recommends  a  reference  value  of 
about  55  urn  for  the  BB  epithelium  thickness.  Based  on  literature  examined  in  this  study, 
the  epithelium  thickness  (BB  region)  was  assigned  a  uniform  distribution  with  minimum 
value  of  20  urn  and  maximum  of  60  urn.  Therefore,  the  median  thickness  is  40  urn  (15 
Urn  less  than  the  ICRP  reference  value).  Consequently,  since  the  tissue  barrier  between 
the  source  region  and  the  target  region  is  less,  a  higher  median  dose  is  predicted  in  this 
study  for  the  BB  basal  cell  layer. 

The  increase  in  the  ratio  for  BB  secretory  cells  for  dp  >  ~5  urn  is  a  result  of  the 
error  term  assigned  to  the  slow-cleared  deposition  fraction,  f„  in  the  tracheobronchial 
airways  (see  section  4.2.2. 1).  Tables  5-2A  and  B  indicate  that  fs  is  among  the  most 
important  parameters  at  these  particles  sizes.  In  the  methodology  developed  in  this  study, 
a  residual  error  term  was  added  to  Eq.  4-30  to  model  variability  in  the  value  off,.  Based 
on  experimental  data,  this  error  term  was  modeled  as  a  normal  distribution  with  mean  of 
zero  and  standard  deviation  of  0. 1 .  As  the  particle  diameter  increases,  the  value  predicted 
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by  Eq.  4-30  goes  to  zero.  However,  the  value  of  £  is  restricted  to  be  greater  than  or  equal 
to  zero.  The  result  for  large  particles  (dp  approaching  10  um)  is  that  the  error  term  leads 
to  an  average  value  off,  that  is  between  0  and  0. 1 .  The  reference  value  for  f,  is  predicted 
by  Eq.  4-28  and  is  effectively  zero  for  dp  >  ~8  um  .  The  overall  effect  of  this  discrepancy 
in  f,  (in  this  size  range)  is  that  the  present  study  predicts  slightly  more  material  deposited 
in  the  slow-clearing  compartments  of  the  BB  and  bb  regions,  and  the  result  is  dose 
distributions  that  are  shifted  upward  with  respect  to  the  reference  man  dose  value  in  the 
BB  secretory  cell  layer. 

5.7.  Summary  of  Results 
In  this  chapter  the  probabilistic  computer  program,  LUDUC  (developed  in  this 
study  to  implement  uncertainty  and  sensitivity  analyses  of  the  new  ICRP  respiratory  tract 
model)  has  been  demonstrated  by  application  to  inhaled  ^^Oj  particles.  Results  indicate 
that  uncertainties  in  dose  equivalents  to  target  tissues  of  concern  within  the  lungs  can  be 
substantial.  Calculated  uncertainties  generally  increase  as  the  particle  diameter  increases 
from  0. 1  to  50  um;  however,  the  calculated  median  dose  decreases  with  increasing  particle 
diameter  over  this  same  size  range.  Generally,  uncertainties  in  lung  and  tissue  equivalent 
doses  can  be  modeled  by  lognormal  distributions.  As  an  upper  limit  a  GSD  of  about  5  is 
predicted  for  larger  particles.  A  GSD  of  about  2  can  be  estimated  for  smaller  particles  (at 
least  down  to  the  lower  limit  diameter  considered  in  this  application,  0. 1  um).  To  show 
and  compare  typical  results  from  the  various  exposure  scenarios  investigated,  Table  5-9 
presents  summary  data  for  1  um  diameter  particles.  The  95%  confidence  interval  was 
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Table  5-9.  Summary  comparison  of  typical  dose  predictions  for  exposure  of  various 
population  groups  to  ^uOj-laden  aerosol  particles  (unit  density  spheres)  with  dp  =  1  urn. 
All  values  are  reported  in  uSv  per  Bq-hr/m3. 


Population  Group 

Exertion 

Dose 

LUDEP 

Median 

95%  Confidence 

Level 

Region 

Interval 

2  year  olds 

light 

lung 

n.a. 

108 

23-518 

5  year  olds 

light 

lung 

n.a. 

106 

26  -  437 

10  year  olds 

light 

lung 

n.a. 

114 

30-438 

1 5  year-old  females 

light 

lung 

n.a. 

99 

28  -  348 

1 5  year-old  males 

light 

lung 

n.a. 

110 

31-393 

1 8-24  year-old  females 

light 

lung 

n.a. 

98 

28  -  350 

18-24  year-old  males 

light 

lung 

n.a. 

113 

33  -  387 

25-34  year-old  females 

light 

lung 

n.a. 

98 

28  -  345 

25-34  year-old  males 

light 

lung 

104 

111 

32-380 

25-34  year  old  males 

resting 

lung 

48 

39 

14-112 

sitting 

lung 

49 

50 

17-145 

light 

lung 

104 

111 

32-380 

heavy 

lung 

209 

326 

82  -  1300 

25-34  year  old  males 

light 

BB^ 

5 

30 

1  -821 

light 

BB^ 

84 

94 

14-647 

light 

bb^ 

58 

62 

21  -  180 

light 

AI 

207 

177 

59  -  536 

light 

LNth 

1140 

774 

93  -  6420 

light 

lung 

104 

111 

32-380 

Notes:  All  values  have  units  of  uSv  per  Bq-hr/m3  (equivalent  dose  per  unit  activity 
exposure).  The  dose  region  "lungs"  corresponds  to  a  weighted  sum  of  the  five  primary 
target  regions.  Last  two  columns  of  table  are  based  on  results  in  Table  E-3  (Appendix  E), 
where  a  lognormal  distribution  is  assumed.  Data  under  column  labelled  "LUDEP"  were 
computed  with  the  code  by  Jarvis  et  al.  (1993).  Cells  marked  as  "n.a."  indicate  that 
LUDEP  was  not  applicable  for  the  scenario. 
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based  on  an  assumed  lognormal  distribution  for  dose  values  (as  supported  by  Figure  5-13) 

and  used  GM  and  GSD  values  from  Table  E-3  in  Appendix  E.  The  lower  and  upper  95% 

confidence  bounds  are  approximated  by  [GM-KjSD2,  GM*GSD2]. 

Sensitivities  in  dose  predictions  differ  between  target  tissues  and  are  influenced  by 

particle  size,  due  primarily  to  dependencies  in  the  deposition  model.  Table  5-10  provides 

a  summary  list  of  the  most  important  variables  influencing  uncertainties  in  equivalent  doses 

to  target  tissues  in  the  lungs.  This  list  is  based  on  standardized  rank-regression 

coefficients,  which  are  determined  by  rank-regression  analyses  of  model  inputs  versus 

outputs.  This  technique  is  generally  able  to  explain  over  90%  of  the  variability  in  dose  and 

deposition  predictions.  Table  5-11  gives  a  similar  listing  of  important  variables  for  the 

deposition  component  of  the  respiratory  tract  model.  Indications  are  that  a  larger  portion 

of  the  variability  in  deposition  and  dose  model  predictions  are  attributable  to  only  a  few 

model  parameters.  Future  efforts  should  focus  on  improving  the  knowledge  base  for  these 

parameters  if  uncertainties  in  the  lung  dose  modeling  process  are  to  be  minimized.  This 

effort  should  proceed  on  two  fronts.  The  first  involves  repeating  the  literature  survey  on  a 

more  intense  level-seeking  out  additional  information,  including  various  esoteric  reports 

that  might  have  not  been  acquired  during  the  initial  literature  review  phase—to  ensure  that 

all  available  sources  of  information  are  used  to  assign  probability  density  functions  to 

sensitive  model  parameters.  The  second  front  involves  performing  experimental  work  to 

develop  improved  data  sets  for  the  most  sensitive  model  parameters.  Additional  data  can 

be  used  to  update  prior  distributions  (e.g.,  by  using  a  Bayesian  approach). 
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Table  5-10.  Summary  list  of  the  variables  contributing  the  most  to  uncertainties  in 
equivalent  doses  (per  activity  exposure),  H/Ap,  to  thoracic  target  tissues. 

Target  Tissue  Most  Sensitive  Variables 

BB«c  mgll,  BB^,  VE,  DFBB)  f, 

BBb-  mg>11,  BB^,  VE,  DFBB,  £,  ^(BB^) 

bb«  m57,  VE,  DFbb,  f„  bb,^,  D¥M 

AI  VE,  DF^,  s„  m^ 

LNth s„  VE,  DF^,  DFBB,  faCBB^,),  m3il0 

Notes:  Variables  are  in  no  particular  order.  List  based  on  top  four  ranked  variables 
reported  in  Tables  5-2A,  5-3 A,  5-4A,  5-5 A,  and  5-6A  for  exposure  of  25-34  year-old 
males  (at  light  exertion)  to  239Pu02  monodisperse  aerosols  (unit  density  spheres).  Only 
particle  diameters  of  0.1,  1,  5,  and  10  urn  were  examined. 

Table  5-11.  Summary  list  of  variables  contributing  the  most  to  uncertainties  in  deposition 
fractions  to  thoracic  regions. 


Deposition  Region  Most  Sensitive  Variables 


BB  ^(BB),  cJBB),  Cie(ET2),  d0,  VE,  VD,  Fn 

bb  ^(bb),  cac(bb),  cie(BB),  Cae(ET2),  d0,  d9,  VE,  VD,  Fn 

J^ Cui(AI),  Cae(AI),  cJBB),  cJET2),  d0,  dls,  VT,  VE,  Fn 

Notes:  Variables  are  in  no  particular  order.  List  based  on  top  four  ranked  variables 
reported  in  Tables  5-7  for  exposure  of  25-34  year-old  males  (at  light  exertion)  to  ^uC^ 
monodisperse  aerosols  (unit  density  spheres).  Only  particle  diameters  of  0.1,  1,  5,  and  10 
urn  were  examined  in  sensitivity  analyses. 


CHAPTER  6 
CONCLUSIONS  AND  RECOMMENDATIONS 


61.  Summary  of  Research 
The  primary  objective  of  this  research  was  to  develop  a  methodology  for 
quantifying  uncertainties  in  radiological  dose  (and  related)  predictions  for  respiratory  tract 
tissues  of  population  groups  exposed  to  radioactive  aerosols.  A  second  objective  of  the 
research  was  to  demonstrate  the  methodology  by  application  to  plutonium  oxide  aerosols. 
The  methodology  developed  is  a  significant  result  of  this  study  and  involves  conducting 
parameter  uncertainty  analyses  using  the  respiratory  tract  model  recently  published  by  the 
ICRP  (1994).  A  probabilistic  computer  program,  LUDUC  (for  LUng  Dose  Uncertainty 
Code),  was  developed  (as  described  in  section  3.6)  to  carry  out  the  methodology.  The 
executable  program  and  source  code  are  available  from  the  author. 

The  current  study  was  based  on  the  premise  that  a  deterministic  model  can  be  used 
in  a  probabilistic  format  by  treating  input  parameters  as  random  variables  within  the  model 
structure.  By  such  treatment,  predictions  were  generated  as  numerical  probability 
distributions  (and  various  estimated  fractiles  of  these  distributions)  which  contain 
information  about  uncertainties  in  model  predictions.  Quantitative  information  on  these 
uncertainties  provides  insight  into  the  reliability  of  the  respiratory  tract  model.  The 
ultimate  assessment  of  model  reliability  would,  of  course,  be  to  compare  model 
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predictions  with  direct  measurements.  However,  validation  of  lung  dosimetry  predictions 

by  measurement  is  difficult,  if  not  impossible,  for  most  short-range  radiations.  For 

example,  no  direct  measurement  technique  exists  for  radiological  equivalent  dose  from 

alpha  particles  to  tissues  layers  of  the  bronchial  epithelium  for  a  living  person.  So  a 

practical  alternative  is  to  base  uncertainty  estimates  on  parameter  uncertainty  analyses. 

The  study  involved  three  phases.  In  the  first  phase,  the  respiratory  tract  model  was 

selected  and  potentially  important  parameters  were  identified.  This  phase  involved 

translating  conceptual  and  mathematical  aspects  of  the  model  into  a  computer  code  so  that 

it  could  be  solved  efficiently  and  accurately.  This  phase  further  involved  coupling  the 

program  for  solving  the  respiratory  tract  model  with  existing  codes  for  generating  random 

samples  based  on  user-assigned  input  distributions  (using  Monte  Carlo  and  Latin 

hypercube  sampling  techniques).  The  most  difficult  programming  problem  encountered  in 

the  work  involved  development  of  a  technique  to  solve  the  source-target  geometry 

component  of  the  dose  model  efficiently  and  accurately  for  short-range  radiations. 

Initially  the  feasibility  of  the  work  was  hampered  by  numerical  integrations  required  to 

compute  equivalent  dose  in  the  tracheobronchial  airways  (where  targets  are  modeled  as 

embedded  in  a  hollow  cylindrical  shell  and  irradiated  by  concentric  source  layers).  To 

speed  computational  time,  an  algorithm  and  code  were  developed  to  solve  this  geometry 

by  producing  a  dose-response  matrix  that  stored  results  of  the  more  complex  integrations 

for  later  use.  This  code  decreased  computational  time  by  a  factor  of  300  (from  about  30 

to  0. 1  hours  on  a  [486DXJ66  MHz  personal  computer  system)~making  this  work  feasible. 

Mathematical  details  of  this  code  are  discussed  in  Appendix  C. 
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In  the  second  phase  of  the  work,  an  extensive  and  critical  literature  review  was 

conducted.  These  previous  studies  formed  a  basis  for  assigning  distributions  to  the  almost 

seventy  random  variables  needed  to  conduct  a  detailed  parameter  uncertainty  analysis  of 

the  respiratory  tract  model.  This  phase  was  tedious  due  to  (1)  the  large  volume  of 

information  available  for  some  model  parameters  and  (2)  the  lack  of  information  available 

for  many  parameters.  The  review  involved  over  one  hundred  publications  (many  of  these 

were  compilation  studies  and  were,  in  turn,  based  on  many  additional  references).  The 

results  of  this  review  are  presented  in  Chapter  4.  Parameter  distributions  and 

accompanying  relationships  were  based,  whenever  possible,  on  results  published  for 

normal,  healthy  persons,  where  persons  in  those  studies  were  assumed  to  be  representative 

samples  of  their  associated  age  and  gender  groups.  Often,  uncertainties  had  to  be  pieced 

together  from  several  studies  and  involved  reanalyzing  data  collected  by  others.  For 

example,  data  reanalysis  was  performed  to  find  a  relationship  between  tidal  volume  and 

ventilation  rate  for  children  (e.g.,  Appendix  D).  Although  the  results  of  this  literature 

review  were  incorporated  into  the  methodology,  much  freedom  exists  for  parameter 

distributions  and  relationships  to  be  updated  interactively  by  users  of  LUDUC.  In  addition 

to  parameter  uncertainties,  relationships  were  also  identified  and  incorporated  into  the 

methodology  to  account  for  parameter  correlations  when  possible. 

In  the  third  phase  of  the  work,  the  parameter  distributions  and  relationships 

(adopted  in  phase  two)  were  used  as  inputs  into  the  probabilistic  code  (developed  in  phase 

one)  and  uncertainties  in  lung  doses  from  inhaled  "^uOj  aerosols  were  examined.  Dose 

values  are  reported  per  activity  exposure  (defined  in  section  1.2.1)  and  include 
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uncertainties  in  ventilation  rates.  These  dose  factors  have  units  of  Sv  per  Bq-hr/m3  and 

allow  a  more  efficient  coupling  of  dose  factors  to  results  from  atmospheric  dispersion 
models  (e.g.,  see  section  1.4.2).    Results  for  specific  exposure  scenarios  involving 
239Pu02-laden  aerosols  are  discussed  in  Chapter  5.  These  results  involve  both 
uncertainties  in  doses  and  sensitivities  of  various  model  parameters  with  respect  to  these 
doses.  One  important  finding  (Fig.  5-14)  is  that  median  values  of  dose  distributions  agree, 
in  most  cases,  with  dose  values  obtained  using  reference  values  for  all  model  parameters. 
This  finding  provides  support  for  the  parameter  values  selected  for  the  reference  man 
case-which  claims  to  represent  a  typical  man.  However,  based  on  this  general  result,  it 
can  be  argued  that  the  reference-man  approach  (which  is  intended  for  radiation  protection 
activities)  is  not  conservative  since  it  predicts  only  the  median  dose  (i.e.,  50%  versus  95% 
dose  fractile). 

Three  broad,  but  significant,  summary  results  of  this  study  are  identified.  First,  the 
critical  evaluation  of  previous  studies  (to  recommend  probability  distributions  and 
relationships  for  parameter  uncertainties  and  correlations  in  the  lung  model)  is  a  significant 
result  of  this  study.  It  provides  an  evaluation  of  many  quantities  (e.g.,  body  height,  body 
weight,  airway  dimensions  [diameters,  lengths,  surface  areas,  and  volumes],  ventilation 
rates,  tidal  volumes,  tissue  masses)  important  to  inhalation  hazard  assessment  and  provides 
recommendations  for  handling  uncertainties  in  these  quantities.  This  evaluation  also 
identified  weaknesses  in  available  data  upon  which  parameter  values  are  based.  Second, 
the  computational  methodology  developed  (and  the  associated  probabilistic  computer 
code,  LUDUC)  is  a  significant  result  of  the  work.  It  provides  a  technique  for  generating 
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numerical  probability  distributions  in  model  predictions  (e.g.,  regional  deposition 

fractions,  total  radioactive  transformations  in  source  regions,  and  radiation  equivalent 

doses  in  target  tissues).  Finally,  the  application  of  the  methodology  to  plutonium  oxide 

aerosols  is  a  significant  result;  data  quantify  uncertainties  in  equivalent  dose  to  thoracic 

target  tissues  and  to  the  lungs  (as  a  weighted  sum  of  the  thoracic  tissue  doses).  These 

data  should  be  useful  to  an  ongoing  dose  reconstruction  study  of  plutonium  releases  from 

the  Rocky  Flats  plant  (near  Denver,  Colorado)  and  to  plutonium  processing  and  storage 

facilities  around  the  world. 

6.2.  Conclusions  Based  on  Results  for  Plutonium  Oxides 
Application  of  the  probabilistic  code  developed  in  this  work,  LUDUC,  to 
inhalation  of  plutonium  oxides  has  lead  to  identification  of  several  interesting  trends  which 
are  believed  to  apply,  in  principle,  to  many  other  radioactive  aerosols  (especially  relatively 
insoluble,  alpha-emitting  materials).  However,  note  that  actual  dose  values  depend  on  the 
exact  radionuclide  and  its  chemical  form.  The  more  important  trends  are  listed  and 
discussed  in  the  following  paragraphs. 

Numerical  distributions  predicted  for  equivalent  doses  were  generally  found  to 
follow  lognormal  distribution  shapes.  Many  results  presented  in  this  study  involve 
distribution-free  fractile  estimates  (e.g.,  50%  and  95%  dose  fractiles).  These  fractiles  are 
used  to  present  numerical  results  because  they  make  no  assumptions  regarding  distribution 
shape.  However,  indications  (e.g.,  Fig.  5-13)  are  that  lognormal  distributions  provide 
reasonable  fits  to  all  numerical  distributions  predicted  for  exposure  to  plutonium.  Values 
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are  listed  in  Appendix  E  for  fractiles,  geometric  mean,  and  geometric  standard  deviation  in 

dose  for  several  239Pu02  exposure  scenarios.  The  dose  data  produced  in  this  work  for 

239Pu02  are  directly  applicable  to  240Pu02  and  to  mixtures  of  239+240PuO2.  The  GSD  values 

v 
for  other  alpha-emitting  radionuclides  that  are  relatively  insoluble  in  lung  tissues  are 

expected  to  be  similar  to  those  found  in  this  work  for  plutonium.  However,  the  geometric 

mean  values  (central  tendencies  of  the  dose  distributions)  will  differ  since  alpha-particle 

energies  and  emission  frequencies  generally  differ  among  radionuclides. 

Dose  uncertainty  depends  on  the  particle  aerodynamic  diameter.  For  plutonium 
oxides,  this  study  shows  that  the  spread  in  doses  increases  about  tenfold  for  increasing 
particle  diameters  from  0. 1  to  20  urn.  For  typical  exposure  scenarios,  the  95%  dose 
fractiles  are  about  10  times  larger  than  the  5%  fractiles  (corresponding  to  a  GSD  of  about 
2)  for  particle  diameters  of  about  0. 1  to  5  urn;  this  difference  increases  to  about  a  factor  of 
100  (corresponding  to  a  GSD  of  about  5)  as  the  particle  diameter  approaches  20  urn. 
However,  doses  become  quite  low  at  larger  particle  sizes  since  most  of  the  deposition 
occurs  in  extrathoracic  airways.  The  change  in  dose  uncertainty  with  particle  size  is  due 
primarily  to  changes  in  deposition  model  sensitivity. 

For  a  constant  activity  median  diameter,  results  show  that  dose  uncertainties 
generally  decrease  for  polydisperse  compared  to  monodisperse  aerosol  particles  (for  a 
particle  diameter  range  of  0.1  to  50  urn).  Most  of  the  computations  performed  in  this 
work  involved  monodisperse  (i.e.,  single-sized)  particles.  However,  additional 
computations  with  polydisperse  particles  show  that  uncertainties  generally  decrease  as 
doses  are  integrated  over  the  particle  activity-size  spectrum.  For  larger  particles,  where 
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dose  uncertainties  are  larger,  a  polydisperse  aerosol  with  a  GSD  (in  particle  diameter)  of  3 

has  an  uncertainty  (expressed  here  as  the  ratio  of  the  95%  to  5%  dose  fractile)  that  is 
about  3  times  less  than  a  monodisperse  aerosol.  This  effect  is  expected  for  other 
radionuclides  and  (nonhygroscopic)  chemical  forms  as  well  since  it  is  primarily  an  effect  of 
the  deposition  model.  Concerning  the  median  dose  value  the  converse  is  true—a 
polydisperse  aerosol  generally  has  a  higher  median  dose  than  a  monodisperse  aerosol 
(assuming  both  aerosols  have  equal  activity  median  diameters).  As  a  useful  summary 
result  for  239Pu02,  the  GSD  values  in  equivalent  dose  to  the  lungs  range  from  about  3  to 
about  5  for  polydisperse  aerosols  in  the  0. 1  to  20  urn  size  range  (i.e.,  activity  median 
aerodynamic  diameters). 

The  physical  exertion  level  influences  the  dose  uncertainty.  For  a  given  population 
group  (i.e.,  specified  age  and  gender),  dose  uncertainties  are  generally  greatest  when 
exposure  is  at  light  exertion.  This  finding  is  primarily  a  reflection  of  (1)  uncertainties  in 
ventilation  rates  at  the  light  exertion  level  (due  primarily  to  the  basal  multiplier,  described 
in  section  4.1.8)  and  (2)  deposition  model  sensitivity  to  increases  in  the  volumetric  flow 
rate. 

Investigation  concerning  the  dose  integration  time  (for  an  acute  deposition  of 
activity)  showed  that  most  of  the  committed  equivalent  dose  from  plutonium  is  delivered 
(1)  by  the  first  year  post  intake  for  targets  in  the  tracheobronchial  airways  and  (2)  by 
about  thirty  years  post  intake  for  the  AI  region.  Excluding  the  lymph  nodes,  the 
uncertainty  in  the  dose  (i.e.,  the  spread  in  dose  values)  does  not  change  significantly  for 
any  target  tissue  in  the  lungs  after  an  integration  time  of  about  one  hundred  days. 
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Therefore,  as  a  practical  approach  to  accounting  for  uncertainty  in  dose  with  age  after 

intake,  the  GSD  value  could  be  computed  for  doses  at  the  conventional  dose  integration 

time  of  50  years  (using  LUDUC)  and  used  with  typical  median  values  (e.g.,  those  from  a 

reference  man  approach)  to  specify  probability  distributions  (or  derive  confidence 

intervals)  for  dose. 

The  influences  of  age  and  gender  of  the  population  group  on  median  dose 
predictions  and  dose  uncertainties  are  generally  negligible  compared  to  influence  of 
exertion  level.  For  example,  for  a  specified  population  group,  median  doses  differ  by 
about  a  factor  often  between  resting  and  heavy  exertion  (due  primarily  to  differences  in 
the  ventilation  rates  at  rest  and  heavy  exertion).  However,  for  a  specified  exertion  level 
(e.g.,  light  exertion)  median  doses  over  all  population  groups  differ  by  less  than  a  factor  of 
three.  Age  and  gender  can  influence  the  pattern  of  dose  on  a  regional  scale  (i.e.,  doses  to 
the  thoracic  target  tissues);  however,  these  differences  generally  balance  out  for  the 
weighted  dose  to  the  lungs. 

Median  dose  values  predicted  by  LUDUC  for  239Pu02  generally  agree  with  the 
reference  dose  predictions  for  aerosol  particle  diameters  ranging  from  0. 1  to  5  urn. 
Reference  dose  predictions  are  based  on  using  the  reference  values  for  all  model 
parameters  as  input  to  the  independently  developed  computer  code  LUDEP.  A  major 
discrepancy  is  found,  however,  for  doses  to  the  basal  cells  of  the  bronchial  epithelium. 
Calculated  median  doses  in  this  region  are  about  seven  times  higher  than  reference  doses. 
This  discrepancy  is  attributed  to  the  selection  of  values  for  the  thickness  of  the  bronchial 
epithelium.  Based  on  data  reviewed  in  this  study  (section  4.3.4.4),  the  reference  value 
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suggested  by  the  ICRP  (1994)  for  the  epithelium  thickness  is  believed  to  be  too  large--the 
result  is  less  energy  deposition  in  the  basal  cell  layer  for  the  reference  scenario.  For 
particle  diameters  larger  than  about  10  urn,  the  median  dose  values  predicted  for  the 
secretory  cell  layer  in  the  bronchial  epithelium  are  about  five  times  larger  than  the 
reference  dose  values.  This  discrepancy  is  due  to  uncertainties  in  the  slow-clearing 
deposition  fraction  in  the  tracheobronchial  airways  (section  4.2.2. 1). 

Concerning  parameter  sensitivity,  the  results  in  this  study  suggest  that  most  of  the 
variability  in  the  dose  to  a  given  target  region  is  explained  by  only  a  few  input  variables. 
For  example  (for  particle  diameters  between  0. 1  and  5-10  urn),  roughly  50%  of  the 
variability  in  the  total  lung  dose  (weighted  sum  of  target  tissues)  for  239Pu02  is  due  to 
variability  in  the  dose  to  the  alveolar-interstitial  (AI)  region.  In  turn,  almost  90%  of  the 
variability  in  the  dose  to  the  AI  region  is  attributable  to  uncertainties  in  only  four  variables 
in  the  model:  the  ventilation  rate,  the  AI  deposition  fraction,  the  clearance  rate  constant 
for  slow-phase  absorption  of  deposited  material  to  the  blood,  and  the  clearance  rate 
constant  for  particle  transport  from  the  AI2  to  bbt  compartment.  A  general  conclusion  is 
that  many  variables  examined  are  unimportant  regarding  dose  uncertainties.  As  a  result, 
future  research  efforts  can  focus  on  improving  distributions  for  those  variables  that 
contribute  most  to  variability  in  dose  values.  If  data  can  be  collected  for  the  most 
important  variables,  the  distributions  adopted  in  this  study  could  serve  as  prior 
distributions  in  a  Bayesian  statistical  approach  to  estimate  posterior  distributions. 
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6.3.  Recommendations  for  Future  Research 

Nearly  all  radioactive  materials,  under  conducive  conditions,  can  form  radioactive 
aerosols.  The  present  study  has  addressed  only  some  of  the  possible  scenarios  and  has 
necessarily  involved  restrictions  to  limit  the  scope.  Acknowledgment  of  the  limitations  of 
the  methodology  is  important  since  they  affect  its  applicability.  Such  acknowledgment 
also  leads  to  recommendations  for  future  development  in  the  area  of  probabilistic  dose 
assessment  for  inhaled  radionuclides.  The  following  paragraphs  summarize  the  more 
important  limitations  while  providing  guidance  for  future  development  of  the 
methodology.  Final  paragraphs  deal  with  applicability  of  the  methodology. 

Uncertainties  in  environmental  parameters  (such  as  activity-size  distribution  of 
aerosol  particles,  particle  mass  density  and  dynamic  shape  factor,  and  ambient  activity 
concentration)  have  not  been  included  in  the  methodology.  Such  uncertainties  are  difficult 
to  handle  without  focusing  on  actual  site-specific  aerosol  conditions.  The  framework 
exists  for  generic  inclusion  of  such  uncertainties  in  the  methodology  (on  a  computational 
basis)  with  minimal  effort.  However,  the  actual  distributions  assigned  to  these  parameters 
would  require  site-specific  information. 

Methods  presently  support  only  acute  intakes  at  single  exertion  levels  (resting, 
sitting,  light,  or  heavy  exertion).  The  simplifying  assumption  was  that  the  ventilation  rate 
did  not  change  during  the  exposure  duration  (see  section  1 .2.1).  A  future  extension  of  the 
methodology  would  be  to  allow  intakes  to  occur  over  a  mixture  of  exertion  levels. 
Additional  data  are  needed  quantifying  uncertainties  in  the  fractions  of  times  persons 
spend  at  different  physical  exertion  levels  (this  information  is  possibly  site-specific  and 
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depends  on  the  population  group  of  interest).  The  source  code  must  also  be  modified  in 
LUDUC  to  include  these  uncertainties  in  computations.  For  chronic  exposures  (occurring 
over  periods  of  years  and  decades),  the  methodology  can  be  extended  to  provide  for 
effects  of  growth  (i.e.,  changes  in  airway  dimensions,  breathing  rates,  tissue  masses,  and 
other  anatomical/physiological  parameters-primarily  an  issue  only  for  children). 

The  methodology  presently  accommodates  only  alpha  particles.  This  limitation 
influences  the  dosimetry  component  of  the  methodology  (deposition  and  clearance  are 
independent  of  the  radiation  type).  However,  the  methodology  can  be  adapted  for  use 
with  other  short-range  radiations  (e.g.,  protons,  electrons,  beta  particles)  emitted  by 
sources  in  the  lungs  with  proper  modifications  to  the  dose-matrix  module  (i.e., 
computational  module  [5]  in  section  3.6;  discussed  in  Appendix  C).  This  module  uses 
stopping-power,  range,  and  energy  data  as  inputs.  These  input  data  are  currently  based  on 
alpha-particles;  one  needs  only  to  supply  the  proper  stopping-power,  range,  and  energy 
data  to  this  module  to  compute  doses  for  other  short-range  radiations.  Doses  for  gamma 
rays  are  based  on  a  whole  lung  approach  since  gamma  rays  are  more  penetrating  than 
radiations  discussed  above  and  since  their  energy  is  more  uniformly  deposited  to  total  lung 
mass  than  is  energy  from  short-range  radiations.  Specific  absorbed  fractions,  SAFs,  have 
been  tabulated  by  others  (ICRP,  1979)  for  various  source-target  organ  pairs  and  could  be 
incorporated  into  the  methodology  to  allow  gamma-ray  dosimetry.  Uncertainties  in  SAFs 
are  not  generally  reported  in  the  literature.  So  this  approach  would  at  least  allow 
uncertainties  in  the  total  disintegrations  (or  cumulated  activity)  in  source  regions  to  be 
included  in  the  gamma-ray  dose  predictions. 
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Although  the  computational  methodology  can  accommodate  materials  of  different 
solubilities  (i.e.,  absorption  types  F,  M,  and  S  in  the  new  ICRP  [1994]  lung  model), 
parameter  uncertainties  have  only  been  examined  for  plutonium  oxides  in  this  study.  This 
restriction  influences  the  absorption  aspect  of  the  clearance  model  and  involves  only  five 
model  parameters,  £,  sp  s„  fb,  and  St  (discussed  in  section  4.2.4).  The  parameters  fb  and  S(, 
are  irrelevant  for  many  materials,  so  that  generally  only  the  foremost  three  are  required  to 
solve  the  clearance  model.  To  apply  the  present  methodology  to  materials  other  than 
plutonium  oxide  (or  similar  type  S  materials),  the  absorption  parameter  distributions  must 
be  modified.  Future  research  interests  include  compiling  literature  and  collecting  data  to 
serve  as  bases  for  selecting  absorption  parameter  distributions  for  other  radioactive 
materials  that  pose  inhalation-related  risks.  This  work  might  best  proceed  on  a  site- 
specific  level,  since  solubility  of  some  materials  depends  on  the  process  used  to  produce 
the  material  (ICRP,  1986). 

The  methodology  presently  accommodates  only  dose  predictions  for  respiratory 
tract  tissues.  The  purpose  of  this  research  was  to  quantify  uncertainties  in  lung  dosimetry 
only;  however,  many  inhaled  radionuclides  are  expected  to  pose  a  larger  radiological  risk 
to  other  body  organs.  By  incorporating  radiological/biological  models  for  the 
gastrointestinal  tract  and  the  systemic  organs  into  LUDUC,  the  methodology  could  be 
extended  to  predict  uncertainties  in  the  number  of  radioactive  transformations  in  various 
other  source  regions  of  the  body;  and  subsequently,  uncertainties  in  dose  due  at  least  to 
uncertainties  in  the  source  transformations  would  be  addressed. 
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The  methodology  accommodates  only  normal,  healthy  population  groups  (e.g., 
18-24  year-old  males)  in  the  age  range  of  2  years  up  to  65  years.  Uncertainty  results 
produced  by  this  methodology  should  not  be  interpreted  within  the  context  of  a  specified 
individual  since  parameter  distributions  are  based  on  variabilities  among  unspecified 
individuals  in  population  groups.  To  identify  an  individual  and  interpret  results  with 
respect  to  that  individual  would  be  misleading  since  a  smaller  uncertainty  in  the  dose  is 
expected  for  an  individual.  Furthermore,  the  health  status  of  the  lungs  can  influence 
virtually  all  of  the  parameters  of  the  respiratory  tract  model.  Age  and  gender  influence 
several  model  parameters.  This  study  has  accounted  for  differences  in  many  parameters 
due  to  age  and  gender;  however,  age  and  gender  differences  have  not  been  included  for 
clearance  rate  constants  and  deposition  partition  factors  as  discussed  in  section  4.2.  All  of 
these  limitations  can  be  addressed  by  modifying  the  parameter  distributions  to  correspond 
to  the  desired  group  of  persons  (if  relevant  data  are  available).  The  methodology  provides 
for  changes  in  parameter  distributions;  however,  additional  research  is  needed  to  produce 
improved  data  sets  from  which  to  formulate  parameter  distributions. 

Previous  discussions  in  this  section  focus  on  extensions  of  the  methodology  and 
the  associated  computer  program  to  allow  uncertainties  to  be  predicted  for  a  wider  range 
of  potential  inhalation  exposure  scenarios  and  target  tissues  other  than  lungs.  But  the 
methodology  is  sufficiently  well  developed  to  be  applied  directly  to  a  number  of  lung 
dosimetry  problems  without  major  changes.  For  example,  with  only  slight  modification  in 
the  inputs  to  LUDUC  (namely,  distribution  parameters  for  dissolution/absorption 
clearance  rate  constants,  alpha-particle  emission  energies/frequencies,  and  radioactive  half- 
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life),  the  methodology  can  be  used  to  examine  lung  doses  arising  from  acute  inhalation  of 
many  alpha  emitters,  such  as  U-238,  U-235,  Pb-210,  Th-230,  Ra-226,  and  Am-241. 
Current  limitations  are  that  only  doses  from  alpha  emissions  and  parent  radionuclides  are 
accommodated.  These  limitations  are  important  for  short-lived  radionuclides  like  Rn-222, 
since  parent  and  progeny  have  relatively  short  half-lives  (so  the  decay  chain  should  be 
incorporated  into  the  methodology).  It  is  stressed  that  LUDUC  does  not  presently  predict 
dose  for  tissues  beyond  the  respiratory  tract.  So  for  radionuclides/chemical  forms  that  do 
not  deliver  a  significant  dose  to  the  lungs  (e.g.,  highly  soluble  chemical  forms),  LUDUC  is 
not  likely  to  be  of  great  use  without  further  development. 

Since  the  deposition  component  of  the  respiratory  tract  model  is  independent  of 
the  nuclear  stability  (i.e.,  radioactive  nature)  and  chemical  form  of  the  aerosol  (except  for 
hygroscopic  materials-which  are  not  presently  accommodated  by  LUDUC),  the 
methodology  developed  in  this  work  can  be  readily  applied  to  inhalation  of 
(nonhygroscopic,  nonfibrous)  hazardous  aerosols.  The  code  LUDUC  can  accept  a  mass- 
size  distribution  (instead  of  activity-size  distribution)  for  aerosol  particles;  in  this  case  the 
code  would  predicts  distributions  for  the  fraction  of  inhaled  mass  that  deposits  in  broad 
respiratory  tract  regions  (including  the  thoracic  region,  extrathoracic  region,  and  the  total 
respiratory  tract). 

A  future  application  of  the  methodology  in  occupational  health  physics  could 
involve  interpretation  of  bioassay  measurements.  Such  measurements  are  usually  required 
for  persons  who  work  with  or  near  unsealed  radioactive  materials.  Bioassay 
measurements  involve  in  vitro  analyses  of  blood,  urine,  and  fecal  samples  and/or  in  vivo 
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counting  of  various  body  regions  to  determine  the  concentration  and  amounts  of 

radioactive  material  in  the  body  (and  excretion  rates  from  the  body).  From  these 

measurements,  it  is  possible  (through  use  of  appropriate  biokinetic  models)  to  work 

backwards  to  determine  an  activity  intake  (needed  to  predict  internal  doses).  For 

inhalation,  this  back-calculation  involves  use  of  a  respiratory  tract  model,  such  as  the  one 

implemented  here.  Depending  on  the  magnitude  of  the  intake,  uncertainties  in  the  model 

could  be  important.  A  future  application  of  the  methodology  could  focus  on  incorporating 

(respiratory  tract  model)  parameter  uncertainties  into  bioassay  interpretation. 


APPENDIX  A 
COMPARISON  OF  ICRP  AND  NCRP  MODELS 


Two  respiratory  tract  models,  developed  independently  by  task  groups  of  the 
International  Commission  on  Radiological  Protection  (ICRP)  and  the  National  Council  for 
Radiation  Protection  and  Measurements  (NCRP)  have  been  considered  in  this  study.  Due 
to  time  constraints,  only  one  model  was  selected.  However,  because  the  models  possess 
many  mutual  input  parameters,  much  information  developed  for  the  selected  model  should 
be  useful  in  a  similar  investigation  with  the  other  model.  Selection  of  the  utilized  model 
was  based  on  information  contained  in  published  reports  and  on  a  recent  draft  report.  The 
following  section  describes  some  of  the  key  differences  in  the  models  and  includes  both 
scientific  and  practical  considerations.  The  components  compared  include  the 
morphological  model,  the  deposition  model,  the  clearance  model,  and  the  dose  model.  As 
discussed  below,  the  conclusion  was  to  use  the  ICRP  model  in  the  current  investigation  of 
respiratory  tract  dose  uncertainties. 

The  ICRP  (1994)  recently  issued  its  revised  respiratory  tract  dosimetry  model  in 
December  of  1994.  The  NCRP  has  also  adopted,  in  principle,  a  new  respiratory  tract 
model  for  radiation  protection;  however,  as  of  August  1995,  the  NCRP  had  not  published 
a  final  report.  A  draft  version  of  the  report  was  obtained  (in  June  1993)  from  the  NCRP 
scientific  secretariat.  The  information  reported  in  this  appendix  is  based  on  that  draft 


311 


312 
report,  since  it  was  more  recent  than  any  other  available  publications.  In  addition  to  the 

draft  report,  details  of  the  NCRP  model  were  presented  in  the  following  sources:  (1) 
proceedings  of  a  workshop  entitled  Respiratory  Tract  Dosimetry  were  published  by 
Radiation  Protection  Dosimetry  (Vol.  38,  Nos.  1-3,  1991)  and  (2)  proceedings  of  the 
Twenty-Sixth  Hanford  Life  Sciences  Symposium  {Modeling  for  Scaling  to  Man:  Biology, 
Dosimetry,  and  Response)  were  published  in  the  journal  Health  Physics  (Vol.  57,  Suppl.  1, 
1989). 

Comparison  of  Morphological  Models 

The  morphological  model  represents  the  structure  of  the  human  respiratory  tract. 
The  respiratory  tract  can  be  divided  into  extrathoracic  and  thoracic  regions.  The 
extrathoracic  region  consists  of  the  anterior  and  posterior  nasal  passages,  the  oral  cavity, 
the  naso-  and  oro-pharynx,  and  the  larynx.  The  thoracic  region  comprises  the  tracheo- 
bronchial airways  (including  bronchi  and  bronchioles  down  to  the  terminal  bronchioles) 
and  the  pulmonary  region  (including  respiratory  bronchioles,  alveolar  ducts  and  sacs, 
pulmonary  capillaries,  and  interstitial  tissues).  An  additional  region  identified  by  models  is 
the  lung-associated  lymph  nodes.  Although  lymph  nodes  are  actually  located  within  both 
thoracic  and  extrathoracic  regions,  they  are  distinguished  from  these  regions  due  to  their 
clearance  characteristics  and  their  relatively  radio-resistant  nature. 

Only  minor  differences  exist  in  ICRP  and  NCRP  descriptions  of  the  extra-thoracic 
region;  consequently,  these  are  not  addressed  here.  Major  differences  are  in  the  models' 
descriptions  of  the  thoracic  region.  Both  models  consider  the  thoracic  region  to  be 


313 
composed  of  a  symmetrical,  dichotomously  branching,  series  of  airways,  or  airway 

generations.  Differences  exist,  however,  in  the  grouping  of  these  airway  generations  into 

deposition,  clearance,  and  dose  regions. 

The  ICRP  model  divides  the  conducting  airways  into  two  broad  regions,  the 
bronchial  (BB)  and  bronchiolar  (bb)  regions;  and  the  subsequent  methodology  predicts 
deposition  and  clearance  in  each  broad  region.  The  critical  cell  layers  are  believed  to 
consist  of  both  basal  and  secretory  cells  in  the  BB  region  and  of  only  secretory  (Clara) 
cells  in  the  bb  region.  In  order  to  obtain  needed  regional  characteristics  such  as  airway 
volumes  and  surface  areas,  the  methodology  incorporated  airway  dimensions  averaged 
over  a  number  of  studies  (James,  1988). 

For  the  conducting  airways,  the  NCRP  models  each  airway  generation  separately 
for  deposition  and  clearance  and  employs  a  typical  path  morphology  for  airways  as 
recommended  by  Yeh  and  Schum  (1980).  The  methodology  is  based  on  airway 
measurements  made  on  a  lung  replica  from  a  single  60  year  old  male  cadaver.  It  was 
assumed  by  the  authors  that  the  measurement  procedure  revealed  dimensions  that 
corresponded  to  lungs  inflated  to  total  lung  capacity  (TLC).  Airway  dimensions  for  a 
desired  lung  volume  are  determined  by  scaling  the  dimensions  at  TLC  using  assumptions 
suggested  by  those  authors.  The  NCRP  model  includes  25  airway  generations. 
Generation  1  is  the  trachea;  generations  2  -  16  are  the  remaining  conducting  airways;  and 
generations  17-25  are  the  respiratory  bronchioles,  alveolar  ducts,  and  alveoli.  The 
NCRP  model  provides  a  general  methodology  for  computing  dose  on  a  generation-by- 
generation  basis  for  the  first  16  generations;  however,  no  specific  recommendations  were 
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made  in  the  draft  report  with  regard  to  target  or  source  region  dimensions.  And 

indications  are  that  measurements  of  the  airway  epithelium  for  each  of  these  sixteen 
generations  do  not  exist  in  enough  detail  to  take  advantage  of  this  increased  resolution  in 
deposition  (although  information  might  be  available  in  the  future).  The  regional  approach 
of  the  ICRP  model  for  the  tracheo-bronchial  region,  while  having  less  resolution  than  the 
NCRP  model,  is  easier  to  employ  and  subsequent  accounting  of  doses  is  simpler.  It  is  not 
clear  whether  the  increased  resolution  of  the  NCRP  model  (deposition  on  a  generation-by- 
generation  basis)  any  better  than  the  ICRP  approach  for  developing  an  overall  lung  dose 
and  risk  as  is  desired  for  radiation  protection  activities. 

Morphological  models  basically  agree  for  the  more  distal  airways  and  tissues  (i.e., 
respiratory  bronchioles;  alveolar  ducts  and  sacs)  which  are  grouped  into  a  single  region  for 
both  models.  The  ICRP  model  calls  this  region  the  alveolar-interstitial  region  (AI);  while 
the  NCRP  model  retains  the  traditional  term  of  pulmonary  region  (P).  For  both  models 
the  critical  cells  in  this  region  are  assumed  to  be  the  Type  II  epithelial  cells.  Because  the 
tissues  in  this  region  are  thin  (a  few  microns  thick)  with  respect  particle  penetration,  the 
entire  tissue  of  the  AI  or  P  region  is  included  in  the  dose  computation.  This  differs  from 
the  conducting  airways  where  critical  cells  are  taken  to  lie  within  certain  depth  intervals 
and  doses  are  computed  within  these  intervals  only.  This  aspect  of  the  revised  models  is  in 
sharp  contrast  with  the  lung  model  described  in  ICRP  Publication  30  (ICRP  1979).  In  that 
model  equal  weight  was  given  to  all  lung  tissues  and  dose  was  simply  the  energy  deposited 
in  the  combined  TB,  P,  and  lymph  node  (L)  regions  divided  by  the  total  mass  of  these 


315 
regions.  The  revised  respiratory  tract  models  are  considered  more  appropriate  for  risk 

assessment  because  only  doses  to  critical  tissues  are  included  in  computations. 

The  NCRP  model  includes  a  finer  resolution  of  the  respiratory-tract  morphology 

than  the  ICRP  model  for  the  tracheo-bronchial  airways.  This  resolution  is  interesting  but 

may  not  be  of  much  use  in  risk  assessment.  That  more  regions  are  included  in  the  NCRP 

model  implies  that  more  mathematical  manipulations  are  involved  and  that  more  data  must 

be  stored  and  passed  along  to  solve  the  model.  Such  implications  are  important  since  the 

present  research  entails  solving  the  model  a  large  number  of  times  using  Monte  Carlo 

techniques. 

Comparison  of  Deposition  Models 
This  section  addresses  some  of  the  differences  between  the  ICRP  and  NCRP 
deposition  models.  There  are  only  minor  differences  in  expressions  used  to  model 
inhalability  and  deposition  in  extrathoracic  regions;  thus,  these  aspects  are  not  considered 
in  the  following  discussion.  The  major  differences  concern  thoracic  deposition  and  are 
outlined  here. 

In  the  NCRP  model,  deposition  in  thoracic  airways  (generations  0  to  25)  is 
computed  for  each  airway  generation.  Individual  airways  are  modeled  as  cylinders,  and 
semi-theoretical  expressions  for  particle  diffusion,  impaction,  and  sedimentation  are  used 
to  compute  total  deposition  in  each  airway  generation.  Correction  is  made  for  the  volume 
of  tidal  flow  that  reaches  deeper-lying  the  airways.  Each  generation  comprises  a  number 
of  individual  airways  (e.g.,  assuming  symmetrical  branching,  generation  n  has 
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approximately  2n  airways).  In  addition  to  physical  characteristics  of  particles  (e.g.,  mass 

density,  shape  factors,  aerodynamic  diameters,  etc.),  deposition  probabilities  depend  on 
airway  dimensions,  branching  angles,  orientation  angles  with  respect  to  the  gravitational 
field,  and  flow  velocities.  The  model  considers  deposition  in  all  airway  generations 
separately  during  inhalation  and  exhalation.  Therefore,  on  the  order  of  150  calculations 
(i.e.,  25  generations  *  3  deposition  mechanisms  *  2  flow  pathways-inhalation/exhalation) 
are  necessary  to  compute  deposition  in  the  thoracic  region  for  a  single  particle  size,  for  a 
single  subject.  This  number  does  not  include  supporting  calculations  needed  to  determine 
airway  dimensions,  flow  velocities,  diffusion  coefficients,  Reynolds'  numbers,  Stokes' 
numbers,  volumetric  corrections,  etc.  As  will  be  discussed,  the  clearance  model 
compartmentalizes  the  entire  pulmonary  region  (generations  17-25)  so  that  ultimately  17 
deposition  fractions  need  to  be  stored  and  passed  as  input  to  the  clearance  model  for  the 
thoracic  region. 

The  ICRP  deposition  model  uses  a  regional  approach  to  predict  thoracic 
deposition.  There  are  three  broad  regions  in  which  thoracic  deposition  is  quantified.  They 
are  the  bronchial  (BB),  bronchiolar  (bb),  and  alveolar-interstitial  (AI)  regions.  These 
regions  are  treated  as  a  series  of  filters,  each  with  a  specified  volume  and  deposition 
efficiency.  The  filter  volume  accounts  for  the  inhaled  air  which  does  not  reach  subsequent 
filters.  Two  independent  processes  are  considered  in  computing  the  deposition  efficiency 
for  a  single  filter  (region);  these  are  aerodynamic  processes  (which  include  impaction  and 
settling)  and  thermodynamic  processes  (including  deposition  due  to  Brownian  motion  and 
diffusion).  Equations  giving  deposition  efficiencies  for  aerodynamic  and  thermodynamic 
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processes  have  been  determined  for  each  of  the  three  thoracic  regions  by  fitting  regression 

equations  to  predictions  of  a  theoretical  model  by  Egan  et  al.  (1989).  Therefore,  the  use 

of  a  complex  theoretical  model  is  circumvented  with  simpler  regression  equations.  From  a 

computational  standpoint,  the  ICRP  model  is  much  simpler  than  the  NCRP  in  that  there 

are  fewer  regions  in  which  to  compute  deposition.  Accounting  for  both  inhalation  and 

exhalation  pathways,  on  the  order  of  12  calculations  (3  regions  *  2  deposition 

efficiencies/region  *  2  pathways  =  12)  are  necessary  for  the  thoracic  region  for  a  single 

particle  size  in  a  single  subject.  As  above,  this  computation  neglects  all  supporting 

calculations  of  diffusion  coefficients,  volume  correction  factors,  slip  factors,  etc.  The 

ICRP  model  also  accounts  for  the  recent  experiments  of  Stahlhofen  and  colleagues 

(Stahlhofen  et  al.  1986a,  1986b,  1987a,  1987b,  1990;  Scheuch  et  al.  1993)  by  considering 

a  slow-cleared  fraction  of  the  deposition  in  the  conducting  airway  regions  (BB  and  bb). 

This  fraction  is  related  to  particle  size  and  adds  one  more  computation  to  the  process. 

Ultimately  only  seven  quantities  need  to  be  passed  on  to  the  clearance  model. 

With  regard  to  scientific  merit,  both  deposition  models  have  their  strengths  and 

weaknesses.  Model  predictions  of  generational  and  regional  deposition  cannot  be 

validated  since  adequate  empirical  data  do  not  exist  at  this  level.  However,  measurements 

of  total  thoracic  deposition  do  exist,  and  predictions  of  total  thoracic  deposition  by  both 

models  agree  reasonably  well  with  these  measurements  (despite  computational 

differences).  The  NCRP  deposition  model  is  somewhat  more  flexible  since  it  is  based  on  a 

more  direct  model.  Since  the  ICRP  deposition  model  utilizes  semi-empirical  fits  to  an 

underlying  theoretical  model,  it  would  be  difficult  to  update  the  semi-empirical  model  if 
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significant  changes  were  made  to  the  underlying  theoretical  model  structure.  Two 

strengths  of  the  ICRP  model,  from  a  practical  standpoint,  are  that  the  model  involves 

fewer  calculations  and  fewer  input  quantities. 

Finally,  although  a  great  amount  of  effort  has  been  put  into  both  models,  the 

currently  available  documentation  describing  the  ICRP  deposition  model  has  more 

mathematical  detail  than  that  describing  the  NCRP  deposition  model.  The  NCRP  has  not 

yet  issued  the  final  report  of  the  respiratory  tract  model;  drafts  versions  are  available.  To 

understand  and  use  the  NCRP  deposition  model,  one  must  obtain,  study,  and  understand 

the  references  cited  in  the  task  group's  report.  The  ICRP  (1994)  has  provided  stand-alone 

documentation  of  the  deposition  model;  subsequently,  less  effort  was  required  to  develop 

a  computer  code  which  successfully  solved  the  ICRP  deposition  model.  In  conclusion,  the 

ICRP  deposition  model  appears  more  suitable  for  this  study.  It  involves  fewer 

calculations  and  requires  that  fewer  quantities  be  stored  for  subsequent  clearance 

calculations  without  compromising  model  validity.  Also  the  model  is  published  (versus 

draft  form)  and  is  easier  to  implement  compared  to  the  NCRP  deposition  model. 

Comparison  of  Clearance  Models 
Both  clearance  models  are  based  on  compartment  schemes  and  can  be 
mathematically  described  by  systems  of  linear,  first-order  differential  equations  in  normal 
(canonical)  form.  The  NCRP  clearance  model  consists  of  22  compartments  comprising: 
16  generations  of  conducting  airways;  the  pulmonary  region  (a  combination  of  generations 
17-25  form  this  single  compartment);  4  compartments  comprising  the  naso-oro- 
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pharyngeal-laryngeal  (NOPL)  region;  and  the  lung-associated  lymph  nodes  (one 

compartment).  The  ICRP  model  is  based  on  clearance  of  the  broad  respiratory  regions 
described  above;  it  has  potentially  33  compartments  with  the  following  break  down: 
extrathoracic  regions  (6  compartments),  bronchial  region  (7  compartments),  bronchiolar 
region  (7  compartments),  alveolar-interstitial  region  (7  compartments),  thoracic  lymph 
nodes  (3  compartments),  extrathoracic  lymph  nodes  (3  compartments). 

The  primary  difference  in  the  models  from  a  mathematical  standpoint  is  that  the 
NCRP  clearance  model  employs  fractional  clearance  rates  that  vary  with  time  (i.e.,  some 
of  the  coefficients  of  the  corresponding  differential  equations  are  functions  of  time),  while 
the  ICRP  model  has  constant  fractional  clearance  rates  for  all  compartments.  The  ICRP 
model  utilizes  more  compartments  in  order  to  avoid  the  difficulties  involved  with  using 
time- varying  coefficients.  According  to  James  et  al.  (1989,  p.  273),  "any  model  with 
monotonically  changing  clearance  rates  can  be  replaced  by  another,  equivalent  in 
complexity,  that  has  constant  rates."  Consequently,  the  ICRP  clearance  model  can  be 
solved  analytically  for  acute  (and  constant,  chronic)  intake  scenarios.  The  NCRP  model 
must  generally  be  solved  numerically  over  small,  discrete  time  steps  by  a  suitable 
numerical  technique.  Such  techniques  exist  but  generally  require  increased  computational 
effort. 

Recent  experiments  (e.g.,  Stahlhofen  et  al.,  1990)  using  relatively  insoluble 
materials  have  indicated  that  an  appreciable  fraction  of  material  deposited  in  the  tracheo- 
bronchial airways  clears  at  a  much  slower  rate  than  previously  thought,  the  actual  value 
depending  on  particle  size.  Previously,  all  slow-clearing  components  of  the  deposition 
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were  assigned  to  the  pulmonary  region  of  the  lungs.  However,  incorporation  of  the  newer 
findings  into  the  clearance  model  is  important  since  the  dose  to  the  tracheo-bronchial 
region,  which  is  believed  to  be  the  more  radiosensitive  region  of  the  lung,  is  potentially 
increased.  The  ICRP  model  incorporates  these  findings;  the  NCRP  model  does  not.  The 
ICRP  model  accounts  for  the  tracheobronchial  slow-clearing  component  by  providing 
three  compartments  for  each  region  to  describe  mechanical  clearance.  For  example,  the 
bronchial  region  (denoted  as  BB  and  comprised  of  the  trachea  and  the  following  eight 
airway  generations)  is  subdivided  into  three  compartments,  BB,,  BB2,  and  BB^;  where 
BB,  represents  a  fast  clearing  component  of  the  deposition,  BB2  represents  a  slow  clearing 
component,  and  BB,^  represents  activity  that  is  sequestered  in  airway  walls  (not  available 
for  mechanical  clearance  but  can  clear  very  slowly  via  lymphatics  and  absorption  to 
blood). 

Recommendation  of  one  clearance  model  over  the  other  is  difficult  without 
actually  solving  both  under  the  circumstances  of  interest.  However,  the  ICRP  clearance 
model  is  believed  to  be  more  suitable  for  the  present  study  simply  because  it  can  be  solved 
with  analytical  expressions.  Although  it  does  involve  roughly  twice  as  many  clearance 
compartments  as  the  NCRP  model,  many  of  these  only  have  a  couple  of  pathways  through 
which  to  clear  and  analytical  techniques  are  likely  to  result  in  fewer  overall  computations. 
Also  the  ICRP  model  accounts  for  the  recently-discovered  slow-clearing  fraction  of  the 
deposition,  which  potentially  increases  doses  to  the  bronchial  epithelium  of  the  respiratory 
tract;  the  NCRP  model  does  not  account  for  this  finding. 
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Comparison  of  Dosimetry  Models 
Although  techniques  used  to  model  the  transport  of  radiation  from  source  to  target 
regions  are  basically  the  same  for  both  models,  differences  in  the  location  of  source 
regions  lead  to  potentially  different  radiation  doses  to  target  tissues.  Both  the  ICRP  and 
the  NCRP  have  considered  similar  critical  cell  layers  as  target  regions.  The  primary 
difference  is  again  related  to  the  slow-clearing  and  sequestered  tracheo-bronchial  (TB) 
deposition  fractions.  The  ICRP  models  the  slow-clearing  TB  fraction  as  being  associated 
with  tissues  in  the  sol/cilia  layer  of  the  bronchial  epithelium.  This  places  a  portion  of  the 
activity  closer  to  the  layer  of  basal  cells.  The  sequestered  component  is  assumed  to  be 
associated  with  the  a  macrophage  layer  that  accumulates  in  the  interstitial  tissues  beyond 
the  bronchial  epithelium  and  the  basement  membrane;  this  location  too  is  close  to  the  basal 
cell  layer.  The  result  of  both  of  these  source  components  is  that  doses  to  the  basal  cells 
are  potentially  increased  for  short-range  radiations  compared  to  the  doses  derived  by  the 
NCRP  model  (in  which  material  is  assumed  to  clear  over  the  mucociliary  surface  of  the 
airways).  Furthermore,  the  NCRP  model  assigns  all  of  the  slow-cleared  and  sequestered 
activity  to  the  pulmonary  region.  So  the  dose  to  the  pulmonary  region  would  likely  be 
larger  for  the  NCRP  model  than  for  the  ICRP  model.  Since  more  cancers  have  been 
observed  in  the  tracheo-bronchial  region  than  in  the  pulmonary  region,  it  is  possible  that 
the  NCRP  model  might  not  be  as  conservative  with  regard  to  overall  risk  compared  to  the 
ICRP  model. 
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Furthermore,  the  NCRP  has  not  provided  any  direction  in  the  model  which  allows 

the  various  cell/tissue  doses  to  be  combined  in  order  to  yield  an  overall  lung  organ  dose. 

The  ICRP  model  has  recommended  regional  risk-apportionment  factors  to  arrive  at  an 

overall,  combined  lung  dose.  A  single  organ  dose  is  needed  to  derive  the  effective  dose 

(ICRP  1991a)  and  to  compute  potential  organ  risk/detriment. 

Conclusion 
As  a  result  of  the  comparisons  and  discussions  above,  the  ICRP  respiratory  tract 
model  was  selected  for  this  research  and  served  as  the  basis  for  deriving  probabilistic 
inhalation  dose  coefficients  for  the  lung.  This  study  was  not  able  to  accommodate  both 
models  due  to  the  amount  of  time  and  work  involved  in  programming  and  solving  the 
component  models.  However,  many  of  the  parameters  investigated  are  similar  for  both 
ICRP  and  NCRP,  and  this  study  will  nonetheless  be  useful  to  designers  and  users  of  both 
models. 


APPENDIX  B 
THE  CLEARANCE  MODEL:  SYSTEM  OF  DIFFERENTIAL  EQUATIONS 


The  mathematical  equations  used  to  represent  the  clearance  aspect  of  human 
respiratory  tract  dosimetry  are  presented  in  this  appendix.  Expressions  are  given  for  the 
compartmental  model  recently  adopted  by  the  International  Commission  on  Radiological 
Protection  (ICRP,  1994,  Publication  66)  and  for  the  older  lung  model  recommended  in 
1966  by  the  Task  Group  on  Lung  Dynamics  (TGLD,  1966)  and  later  adopted  by  the  ICRP 
in  Publication  30  (ICRP,  1979).  These  models  are  both  represented  by  first-order,  linear, 
non-recycling  differential  equations. 


ICRP  Publication  66  Clearance  Model 
The  ICRP  recently  adopted  a  clearance  model  that  comprises  a  system  of 
potentially  33  differential  equations  (ICRP,  1994).  Abbreviations  used  to  represent 
compartments  are  given  in  Table  B-l  (these  are  discussed  in  more  detail  in  Chapter  2). 
The  amount  of  radioactivity  in  compartment  /  is  denoted  by  q^.  The  activity  intake  rate 
(Bq/sec)  is  denoted  by  I  and  is  generally  a  function  of  time.  The  regional  depositon 
fraction  (i.e.,  fraction  of  inhaled  activity  that  deposits  in  a  given  region)  for  the  ETa,  ET  , 
BB,  bb,  and  AI  regions  are  denoted  as  DEETI,  DE^,  DEBB,  DE,*  DE^ ,  respectively 
(discussed  in  Chapter  2).  The  fraction  of  the  regional  deposit  (e.g.,  DE^)  that  is  assigned 
to  compartment  i  is  denoted  by  fd(/).  For  example,  fd(BB,)  is  the  fraction  of  the  activity 
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deposited  in  the  BB  region  that  is  assigned  to  compartment  BB,  (see  Table  2-6  in  Chapter 

2).  Biological  clearance  rate  constants  from  compartment  i  toy  are  denoted  as  X •  • . 

Radioactive  decay  constants  for  the  radionuclide  of  interest  is  denoted  as  Xr  The  symbols 

SP>  V  *»  **  rePresent  rate  constants  describing  particle  dissolution  and  absorption 

processes. 


Table  B-l .  Subscripts  used  in  this  appendix  to  describe 
the  ICRP  Publication  66  biokinetic  clearance  model. 


Compartment 

Subscript 

Initial 

Transformed 

Bound 

State 

State 

State 

AI, 

AI2 

1 
2 

IT 
2T 

AI(b) 

AI3 

3 

3T 

bb, 

bb2 

4 

5 

4T 
5T 

bb(b) 

bb^ 

6 

6T 

BB, 
BB2 

7 
8 

7T 
8T 

BB(b) 

BB^ 

9 
10 

9T 
10T 

LN*(b) 

ET2 
ET^ 

11 

12 

11T 
12T 

ET(b) 

ET, 

13 
14 

13T 

LNet(b) 

Note:  See  Figure 

2-9  for  a  di 

aeram  nf  the  overall 

rlp»rnnr*»  mo 

For  a  short-duration  inhalation  exposure  in  which  the  ventilation  rate  and  ambient 
activity  concentration  in  air  remain  relatively  constant,  an  acute  inhalation  intake  can  be 
assumed  and  the  system  of  differential  equations  shown  below  has  an  analytical  solution 
(e.g.,  see  Birchall,  1986).  For  an  acute  activity  exposure  of  AE  (in  Bq-hr/m3,  defined  in 
Chapter  1)  and  ventilation  rate  VE  (in  mVhr  in  this  case),  the  intake  rate  /  (in  Bq/s)  equals 
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AE*VE*6(t-t0),  where6(t-t0)  is  a  delta  function  with  value  of  one  at  t  =  ^  and  zero  for  all 

other  t.  This  intake  scenario  has  been  used  in  this  study  to  solve  the  clearance  component 

of  the  ICRP  Pub.  66  model;  however,  the  equations  listed  below  are  represented  in  their 

general  form  in  which  /  is  any  function  of  time.  The  following  system  of  differential 

equations  describe  the  ICRP  Publication  66  clearance  model. 

Initial  State  Compartments 


-£■  =  DE(AI)  .fd(AI,)  -I  -  (m14  ♦  kT  +  Sp  +  Spt)  q, 


-^  =  "CAD  -fd(AI2)  -I  -  (m^4  +  kt  ♦  sp  +  Spt)  q2 

-jl  -  DE(AI)  -f/AI^  -I  -  (m34  +  m3W  +  Xt  +  Sp  +  Spt)  q3 


DE(bb)  -f/bb,)  -I  +  mMq,  +  m^q2  +  m34q3 
-  (m47  +  kt  +  sp  +  Spt)  q4 

DE(bb)-fd(bb2)-I  -  (m57  +  Xr  +  Sp  +  Spt)q5 


dt 

dq, 
dt 

-£   -  DE(BB)  'f/BBi>  -1   +  "^  +  m57q5  -   (m?n   +   Xf  ♦  Sp  +  ift)  q? 
X  =  DE(BB).fd(BB2)-I  -  (mgI1  +  X,  ♦  Sp  +  Spt)  qg 


(B-l) 

(B-2) 

(B-3) 
(B-4) 


(B-5) 


(B-6) 


(B-7) 


(B-8) 
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-^  =  DE(BB)  -f/BB^  -I  -  (m910  +  1,  +  Sp  ♦  Spt)  q, 


(B-9) 


—  =  m310q3  +  m^0q6  +  B^q,  -  (Af  +  sp  +  Spt)  q 


(B-10) 


-£i  =  DE(ET2).fd(ET2).I  ♦  m7„q7  +  m8uqg  -  (mncH  +  X,  +  sp  ♦  Spt)  ,„ 


^T  =  DE(ET2)  "V" J  ,f "  (m*»  +  *< +  sp  +  v> «« 


^,3 


=  m 


12,13  1l2    "    (*,    +    Sp    +    O    <ll3 


^i-DE(Eri).I-(mI^  +  Ar)qM 


Transformed  State  Compartments 

dqIT 

—  =  V^i  -  C»w  +  A-r  *  st)  q1T 


dq2T 

—  -  8ptq2  -  (m24  +  kt  +  st)  q2T 


dq 


3T 


=    S 


-P.^3     "     (m3.4     +    m3,10    +    K    +    S.)    %T 

dq 

dq5T 

—  »  «„q5  "  (m57  *  X,  +  st)  q?T 


(B-ll) 


(B-12) 


(B-13) 


(B-14) 


(B-15) 


(B-16) 


(B-17) 


(B-18) 


(B-19) 
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dqCT 

77- =  ***6  ~  (m6.10  +  K  +  St)  qCT 


dq 


d 


f    =    f„«7    +    m<7(»4T    +    m5,7<l5T    "    (m7,ll     +    ^r    +    S.)    ^TT 


dqgr 

-^"    =    Sp.<I«    -    (m,.U    +    *r    +   6t)   ^ 


dq„ 

77- '  **%  ~  (m9,o  +  K  +  «t>  *n 


Hot 

~^-    "    ^10    +    "S.IO^T    +    m  6.1(^*1    +    m9,10  9w    -    (*r    +    St>    ^lOT 
d*llT 

-77-  =  ***u   +  "wi^tt  +  m«,n<lrT  "  (mii.«  +  *,  +  »,)  q„T 


d1l2T 

-37-     =    «,*«12    -    (mu»     +    ^r    +    St)    ^121 


dq 


13T 


dl         =    St*U    "    (*r    +    St>    ^131 


Bound  State  Compartments 

d(1AI(b)     _ 


77-  =  VpK  +  q2  +  q,)  +  fbs,(qIT  +  q2T  +  q3T)  -  (K  +  O  q^ 


dqbbo,)    .    ,  .     .   , 

-77-  =  W«4 +  q5  +  q«)  +  U(q4T  +  q5T  -  q„)  -  a,  *  •„)  q^ 


dqBB(b>    .    , 

— J"  ■  fb"p(q7  +  q8  +  q9)   +  *>,(«*  *  q„  +  q„)   -  (A,  ♦  g„)  qBB(b) 


(B-20) 


(B-21) 


(B-22) 


(B-23) 


(B-24) 


(B-25) 


(B-26) 


(B-27) 


(B-28) 


(B-29) 


(B-30) 


dq 


LNfc(b) 


^—  =  fbsP<iio +  V^u*  -  (K  +  O  q 


tNft(b) 


dq 


HT(b) 


'BT(b) 


dq 


mdfl>) 


" Vplia  +  «b»,q13r  "  (*r  +  H)^ 


(b) 
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(B-31) 


(B-32) 


(B-33) 


ICRP  Publication  30  Clearance  Model 
The  lung  model  described  in  ICRP  Publication  30  (ICRP  1979)  consists  of  a  10 
compartment  model  (potentially)  with  compartments  labeled  from  a  toy.  The  fractions  of 
intake  which  are  deposited  in  the  naso-pharyngeal,  tracheobronchial,  and  pulmonary 
regions  of  the  respiratroy  tract  are  denoted  as  D^,  Dra,  DP,  respectively.  Fractional 
clearance  rates  out  of  compartments  a  throughy  are  given  by  A,  through  \p  respectively; 
deposition  partition  fractions  (i.e.,  fraction  of  material  deposited  in  a  specific  deposition 
region,  e.g.,  NP,  TB,  or  P,  that  is  assigned  to  a  specified  compartment  within  that  region) 
are  denoted  by  Fa  to  Fy  See  ICRP  Publication  30  (ICRP  1979)  for  reference  values  of 
these  parameters  for  various  classes  of  materials.  The  first-order  differential  equations 
describing  material  clearance  in  that  model  are  as  follows: 


dq. 
dt 


=  IDkpF.  "  U.  +  lr)q. 


<Uh 


-  =  id^f,,  -  ab  +  Xr) 


(B-34) 


(B-35) 
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dt 


<u„ 


=  IDTBFe-(ie  +  ir)qe 


77-  =  IDreF<  +  *fqf  +  *gqg-  (!,♦  ^qd 


£q. 
dt 


=  IDpFe-  (ie  +  kT)qc 


dqf 

77  =  IDpFf-  (lf  +  if)qf 


dqa 

— *  =  IDpFa  -  (A.    +  k)  q 


dt 


IDpFh  -  (lh  +  kt)qh 


dqi 

—  -  Fi^qh  -  (^i  +  *r)  qs 


dq: 

— i  =  F  A.,  q     -   A.  q 


(B-36) 


(B-37) 


(B-38) 


(B-39) 


(B-40) 


(B-41) 


(B-42) 


(B-43) 


APPENDIX  C 
DOSE  CALCULATIONS  IN  TRACHEOBRONCHIAL  AIRWAYS 


This  appendix  describes  the  methods  used  in  this  study  to  compute  radiation 
equivalent  doses  in  the  bronchial  (BB)  and  bronchiolar  (bb)  regions  of  the  human 
respiratory  tract.  Dose  computations  are  complex  in  these  regions  because  source  and 
target  tissues  are  generally  separated  by  intermediate  layers  with  thicknesses  approaching 
the  range  of  alpha  particles.  Consequently,  provisions  are  needed  to  account  only  for 
energy  deposited  by  particles  reaching  BB  and  bb  target  tissue  layers. 

Although  the  general  source-target  geometries  and  resulting  dose  quantities  in  BB 
and  bb  regions  are  the  same  for  this  study  compared  to  the  ICRP  (1994),  the 
computational  methods  differ.  A  more  rigorous  approach  was  necessary  in  this  work  to 
include  uncertainties  in  tissue  dimensions  (i.e.,  depth  and  thickness  of  source  and  target 
regions).  As  documented  in  ICRP  Publication  66  (ICRP  1994,  Annex  H),  only  default 
absorbed  fractions  (based  on  reference  tissue  dimensions)  are  reported  for  short-range 
radiations  (including  alpha  particles,  electrons,  beta  particles,  and  positrons).  Some 
algebraic  expressions  are  also  given  by  that  reference  to  simplify  computations.  In 
performing  parameter  uncertainty  analyses  in  this  research,  tissue  parameters  (thicknesses, 
depths,  etc.)  were  sampled  several  times  using  Monte  Carlo  techniques;  and  the  dose 
model  was  solved  for  each  trial  to  generate  a  distribution  of  dose  estimates  for  each  target 
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region.  Each  trial  required  numerical  integration  to  be  performed  for  each  source-target 

region  pair.  Methods  were  developed  and  are  discussed  in  this  appendix  to  solve  the  dose 
model  efficiently  and  accurately  for  these  trials.  This  aspect  of  the  research  has  been 
limited  to  alpha-particle  dosimetry;  however,  methods  could  be  extended  to  other  short- 
range  radiations  with  appropriate  stopping-power,  range,  and  energy  data. 

Dose  computations  are  performed  for  the  target  cell  layers  in  respective  regions 
based  on  an  assigned  airway  diameter.  Energy  deposition  in  BB  and  bb  regions  was 
determined  by  modeling  airways  as  hollow  (air-filled)  cylinders,  as  suggested  by  the  ICRP 
(1994).  Radiation  source  and  target  tissues  were  represented  as  concentric  cylindrical 
shells  within  the  airway  walls.  Figure  C-l  shows  a  schematic  of  the  geometry  involved  in 
BB  and  bb  dosimetry.  Source  regions  include  the  fast  mucus/gel  layer  (BB,+BBIT  or 
bbj+bbjT),  the  slower-moving  cilia/sol  layer  (BB2+BB2T  or  bb2+bb2T),  the  sequestered 
material  layer  (BB^  +  BB^  or  bb^  +  bb^),  and  the  bound  material  layers  (BB^  or 
bbbnd).  For  alpha  particles,  the  AI  region  is  also  considered  a  source  region  since  particles 
can  cross  the  bb  subepithelial  layer  to  reach  secretory  cell  nuclei.  Target  regions  include 
the  basal  and  secretory  cell  nuclei  layers  in  the  BB  region  (BB^,  BB^)  and  the  secretory 
(or  Clara)  cell  nuclei  layer  in  the  bb  region  (bb,J.  Source  and  target  layers  can  overlap 
(e.g.,  the  bound  material  layer  overlaps  target  cell  layers  in  both  BB  and  bb  regions). 
For  BB  and  bb  regions,  representative  airway  diameters  of  5  mm  and  1  mm, 
respectively,  were  selected.  These  values  were  recommended  by  the  ICRP  (1994).  Dose 
calculations  were  insensitive  to  changes  (of  roughly  ±  50%)  in  these  representative  airway 
diameters;  so  these  reference  values  were  used  throughout  the  work. 
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Airway  Region 
Intermediate  Tissue 
Source  Region 
Target  Region 


Figure  C-l .  Geometry  used  to  compute  radiation  dose  in  the  tracheobronchial 


airways. 
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To  perform  dose  computations  consider  a  cylindrical  coordinate  system  (r,  6,  z) 
with  origin  as  depicted  in  Figure  C-l  (on  cylinder  axis).  For  explanatory  purposes,  the 
cylindrical  shell  comprising  the  airway  wall  is  considered  infinite  in  length  (z-dimension); 
however,  alpha  particle  doses  are  only  contributed  by  source  points  that  are  within  a  finite 
range  of  the  target.  This  range  depends  on  the  initial  energy  of  alpha  particles  emitted  by 
the  source.  Let  tj  denote  the  depth  of  a  small  target  with  respect  to  the  airway  surface. 
The  average  equivalent  dose  H(tj)  in  sieverts  contributed  by  alpha  particles  from  a  source 
layer  at  a  depth  s^  in  the  airway  wall  and  having  thickness  s^  is  computed  as 

H  M  "  £  H/t)  (C-l) 

j 

where  H^tj)  is  the  equivalent  dose  contributed  by  theyth  radionuclide  and  the  summation 
is  over  all  alpha-emitting  radionuclides  in  the  source  region.  The  equivalent  dose  from  the 
yth  radionuclide  is  approximated  by  the  following  volume  integral  over  the  source  region. 


•l      2%      zmtlLi 


HA) 


E  /  /   /  ~ 


f    •  A    / 


s 

p ) 


Ev(x) 


QCS^dzrdOdr 


(C-2) 


where  summation  is  over  all  alpha  particles  (k)  from  theyth  radionuclide  and 
C  is  a  unit  conversion  factor  and  equals  1 .602x  1 0"10  J  g  MeV"1  kg"1; 

is  the  emission  frequency  for  the  £th  alpha  particle  from  theyth  nuclide; 


is  total  transformations  (or  disintegrations)  of  nuclidey  per  unit  volume  of  the 
source  region  (trans/cm3); 

is  the  radial  distance  to  the  near  boundary  of  the  source  region;  s,  =  R,  +  s,^  , 
is  the  radial  distance  to  the  far  boundary  of  the  source  region;  Sj  =  R,  +  S.J+  s^  ; 
is  a  representative  airway  diameter  for  the  BB  (=  5  mm)  or  bb  (=  1  mm)  region; 
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d  is  the  distance  from  source  point  at  cylindrical  coordinates  (r,  0,  z)  to  target  at 

coordinates  (R.+ 1*  0,  0);  d  =  [dL2  +  z2]172; 

dL  is  the  projected  distance  in  the  plane  z  =  0  from  the  source  point  to  the  target  at 

depth  t,;  dL  =  [r2  +  (R,  +  O2  -  2r(R,  +  ti)cos0]1/2;  this  quantity  equals  the  shortest 
distance  between  the  target  and  a  line  of  source  points  at  constant  r  and  0; 


2-10.5 


z,^       is  the  maximum  z  value  for  a  source  point  that  is  in  range  of  the  target  and 

depends  on  the  range,  Dk,  of  the  kth  alpha  particle  in  tissue;  z„^k  =  [Dk2  -  dL2] 
for  a  homogenous  intermediate  tissue  layer  (between  source  and  target). 

x  is  the  density  thickness  (i.e.,  density  integrated  over  path  length,  g/cm2)  that  an 

alpha  particle  travels  between  its  emission  point  and  the  target;  it  depends  on  the 
source  point  location,  (r,  0,  z),  and  the  target  location-taken  as  (R,  +tj,  0,  0),  and 
density  of  all  intermediate  matter  (potentially  tissue  and  air); 

(S/PW) is  tne  mass  stopping  power  (MeVg/cm2)  in  the  target  tissue  for  the  *th  alpha  and 
depends  on  the  residual  energy  E^  of  thethat  has  traveled  a  mass  thickness  of  x; 

Q(Sx,Ek,P)  is  the  radiation  quality  factor,  or  radiation  weighting  factor,  for  alpha  particles  in 
tissue  as  a  function  of  the  stopping  power  (approximates  the  linear  energy 
transfer,  LET). 

The  radiation  weighting  factor,  Q(SXiE1,p),  is  based  on  recommendations  in  ICRP 
Publication  60  (ICRP,  1991a).  There  the  radiation  weighting  factor  is  given  as  a  function 
of  the  unrestricted  linear  energy  transfer,  L  (in  keV  urn1),  where  L  represents  the  energy 
lost  by  a  particle  dE  in  traversing  a  distance  dl.  The  unrestricted  linear  energy  transfer  is 
equal  to  the  stopping  power  S  in  similar  units,  so  that  the  following  expressions  (from 
ICRP,  1991a)  relate  the  radiation  weighting  factor  to  the  stopping  power  and  are  used  in 
this  study: 


r1.0  (S<10) 

10.32  S- 2.2     (10  sS*  100)    .  (c_3) 

[300  /v/s  (S>100) 


335 


Equation  (C-2)  can  be  rewritten  by  factoring  constant  terms  out  of  the  integral,  by 
utilizing  the  geometrical  symmetry  of  a  cylinder,  and  by  bringing  the  summation  over  the  k 
alpha  emissions  into  the  integral.  Implementing  these  actions  results  in  the  following: 


Bfl,.C-*f  f 


•i       0 


*m*xX 


s_ 
p 


?W7!7       «W* 


Bk(x) 


rd6dr    .  (C-4) 


Disregarding  any  conversion  factors  or  constant  terms  at  this  point,  the  term 
enclosed  in  brackets  in  Equation  (C-4)  represents  the  average  dose  response  at  the  target 
from  an  alpha-emitting  line  source  (at  specified  values  of  r  and  0)  having  one 
transformation  per  unit  length.  Using  trigonometric  substitution  (i.e.,  z  =  dLtan(j>;  so  that 
d2  =  dL2  sec24>  and  dz  =  dL  sec2(j>  d<j> ),  the  factor  enclosed  in  brackets  in  Equation  C-4 
be  expressed  as 


can 


£  V/  ^f1)     -Q(S)dz  =  -I 


o    d'VP/BlW 


W/  s  N 


EW   7 

k  0     VP\(x) 


•Q(S)d<J> 


(C-4) 


where  $  represents  the  angle  between  the  target-to-origin  and  target-to-source-point  line 
segments.  The  maximum  value  of  <$>,  ^  depends  on  the  density  ranges  (or  mass 
thickness,  in  g/cm2)  of  the  A*  radionuclide's  alpha  particles  in  tissue,  Dk  p  (g/cm2)  and  on 
the  density  thickness  of  material  between  the  target  and  the  source  line,  xL. 


4Wk  =  arccos 


D. -p 


(C-5) 
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If  xL  is  greater  than  the  range  density  for  a  given  alpha  particle  k,  the  target  is  out  of  range 

and  no  energy  is  deposited  within  the  target  by  that  particle  (i.e.,  the  integral  for  particle  k 
is  zero  and  does  not  contribute  to  the  summation). 

The  expression  in  brackets  in  Equation  C-4  is  denoted  as  1^  and  depends  only  on 
the  radionuclide  (indexed  by  j)  and  its  alpha  particle  emission  frequencies  and  energies 
(indexed  by  k)  and  on  the  density  thickness  of  matter  between  the  source  line  and  the 
target,  xL.  By  incorporating  Equation  C-4  into  Equation  C-5,  the  following  expression 
can  be  written  as: 


Hj  (t) 


C-A.  H    ' 


•i       o 


Lj 


rd6dr 


(C-6) 


r,9 


A  fortran  computer  code,  LINSUB,  was  written  to  compute  1^  as  a  function  of  xL 
(xL  is  the  mass  density  thickness  between  the  target  and  a  line  comprised  of  source  points 
at  a  given  r  and  0)using  numerical  integration  techniques.  The  source  code  along  with 
sample  input  files  are  listed  at  the  end  of  the  appendix  in  Tables  C-l,  C-2,  and  C-3A.  The 
input  files  shown  are  for  Pu-239.  Values  of  1^  versus  xL  have  been  computed  by 
LINSUB  for  four  radionuclides:  Pu-238,  Pu-239,  Pu-240,  and  Am-241 .  The  results  of 
these  computations  are  shown  in  Figure  C-2  for  these  radionuclides. 

Based  on  Figure  C-2,  Pu-238  and  Am-241  are  seen  to  deliver  the  same  dose  to  the 
target  per  disintegration  in  the  source  regions.  Also  Pu-239  and  Pu-240  deliver 
approximately  the  same  dose  per  disintegration  in  the  source  region.  The  reason  is  that 
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(Mass)  Density  Thickness  (cm  -g  ) 


Results  of  Curve  Fitting 

Pu-238  and  Am-241  (j=l, j=4): 

I L  •  (x  L)  =  -1.829E+17  xA5  +  1.145E+15  xA4  +  -1.048E+12  xA3  + 

-7.019E+9  xA2  +  1.319E+7  x  +  3.394E+4;  RA2  =  0.9996 

Pu-239  and  Pu-240  (j=2,  j=3): 

I L  •  (x  L)  =  -1.435E+17  xA5  +  2.094E+14  xA4  +  3.425E+12  xA3  + 

-1.421E+10  xA2  +  1.461E+7  x  +  3.733E+4;  RA2  =  0.9996 


Figure  C-2.  Numerical  results  for  the  line  source  component  (1^)  as  a  function  of  density 
thickness  (xj  for  ""Pu,  "'Pu,  240Pu,  and  241Am  radionuclides  including  polynomial  curve 
fitting  results. 
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Pu-238  and  Am-241  emit  alpha  particles  with  approximately  equal  average  energies  per 

transformation;  similarly  Pu-239  and  Pu-240  emit  simlar  average  energies  per 
transformation.  As  a  practical  result,  total  disintegrations  for  Pu-238  and  Am-241  (and 
similarly  for  Pu-239  and  Pu-240)  can  be  added  in  source  regions  to  simplify  dose 
calculations  when  these  mixtures  of  radionuclides  are  inhaled.  It  was  found  that 
polynomial  regression  equations  could  be  fit  to  data  points  in  Figure  C-2  to  further 
simplify  dose  computations  for  these  radionuclides.  These  polynomials  were  used  in  a 
subsequent  subroutine  (ALINE)  of  the  dose-matrix  module  STDOSE  (discussed  below)  to 
further  speed  up  the  dose  computation  process. 

Other  alpha-emitting  radionuclides  nuclides  can  be  investigated  by  modifying  the 
input  file  to  LINSUB  shown  in  Table  C-3A  and  the  subroutie  ALINE  in  STDOSE.  Other 
short-range  radiations  that  possess  stopping-power-  and  range-energy  data  (as  described 
below  and  shown  in  Table  C-2)  could  also  be  used  in  this  methodology  to  compute  values 
for  Iy.  Similar  polynomials  could  be  fit  for  other  radionuclides  emitting  short-range 
radiations  with  appropriate  modifications  to  the  input  data  to  LINSUB. 

Mass  stopping  power  and  range-energy  data  necessary  to  compute  L.  were 
obtained  from  Report  49  of  the  International  Commission  on  Radiation  Units  and 
Measurements  (ICRU,  1993).  In  selecting  range  and  mass  stopping  power  data,  liquid 
water  was  chosen  as  the  stopping  medium.  Soft  tissues  are  very  similar  to  liquid  water 
with  respect  to  alpha-particle  mass  stopping-power  and  mass  density  range.  These  data 
are  listed  in  Table  C-2;  this  is  actually  a  listing  of  the  file  "table.dat"  that  is  read  by 
LINSUB.  The  range  (i.e.,  density  range  in  g/cm2)  is  plotted  as  a  function  of  alpha-particle 
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energy  in  Figure  C-3.  The  mass  stopping  power  versus  the  residual  particle  range  is 

plotted  in  Figure  C-4.  This  latter  figure  can  be  used  to  predict  the  mass  stopping  power  of 

an  alpha  particle  if  the  residual  range  of  that  particle  in  the  stopping  medium  is  known. 

The  density  range  (Dp,  g/cm2)  of  an  alpha  particle  is  estimated  by  linear 

interpolation  of  the  range-energy  data  in  Table  C-2  (or  Fig.  C-3).  If  x  represents  the  mass 

(density)  thickness  between  the  source  point  and  the  target,  the  residual  (density)  range  of 

the  particle  at  the  target  can  be  estimated  as  [Dp  -  x].  This  thickness  corresponds  to  the 

(average)  remaining  distance,  or  the  residual  range,  the  particle  can  travel  before  stopping 

completely  in  the  medium.  Using  linear  interpolation  a  second  time  (with  data  plotted  in 

Fig.  C-3),  the  mass  stopping  power  of  the  particle  at  the  target  can  be  estimated  from  this 

residual  range.  This  technique  is  used  in  the  present  work  to  determine  numerically  the 

mass  stopping  powers  needed  to  solve  the  numerical  integration  for  1^. 

In  computations,  the  airway  wall  was  assumed  to  be  homogeneous  with  a  density 

of  PtiMue =  1  05  g/cm3.  This  density  was  recommended  for  the  lung  tissues  by  the  ICRP 

(1975).  Air  in  the  (hollow)  airway  cavities  was  assumed  to  have  a  density  of  1.15  g/1  or 

1.15xl0-3  g/cm3  (Weast,  1978,  p.  F-10;  based  on  moist  air  at  760  torr  and  35  °C). 

With  the  polynomial  fits  to  1^  as  a  function  of  xL,  the  next  stage  in  the  dose 

integration  involves  integration  over  0  and  r.  This  integration  is  simplified  by  taking  a 

small  thickness  of  Ar  =  0.5  microns  (which  is  much  less  than  the  range  of  most  alpha 

particles)  and  by  assuming  that  the  integrand  in  Equation  4-6  does  not  change  significantly 

with  r  in  this  thickness.  Integrations  were  performed  for  a  large  number  of  potential 
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Figure  C-3.  Range  versus  alpha-particle  energy  based  on  liquid  water. 
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Figure  C-4.  Mass  stopping  power  versus  alpha-particle  energy  based  on  slowing  down 
liquid  water. 
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source  and  target  depth  pairs,  (s^,  t^)  using  another  fortran  code  devloped  in  this  work, 

STDOSE.  This  program  is  listed  in  Table  C-4  at  the  end  of  the  appendix.  The  function  of 
STDOSE  is  to  generate  a  dose-response  matrix  to  store  all  possible  source-target  depth 
pairs  for  a  particular  radionuclide  so  that  numerical  integrations  must  only  be  performed 
one  time  for  a  target  exposed  to  a  source  shell  (of  0.5  micron  thickness)  at  specified 
depths.  The  results  of  these  computations  are  stored  in  a  two-dimensional  array 
DOSE(s,t)j,  where  the  first  index,  s,  refers  to  a  particular  source  depth  (centered  on  a 
source  shell  thickness  of  0.5  microns)  and  the  second  index  refers  to  a  specified  target 
depth  (t).  The  subscript./  denotes  that  the  dose-matrix  of  for  a  specific  radionuclide.  The 
dose  module  in  LUDUC  (Lung  Dose  Uncertainty  Code)  sums  over  these  source  shells 
very  rapidly  (by  way  of  the  dose-reponse  matrix  stored  in  the  array  DOSE)  to  generate  the 
total  target  dose  for  a  specified  target  depth.  Use  of  this  dose  matrix  allows  doses  for 
different  values  of  source-layer  depth  and  thickness  and  target  depth  and  thickness  to  be 
computed  quickly  and  accurately.  Using  this  technique  (versus  the  initial  technique  of 
solving  the  Equation  C-2  anew  with  each  trial),  dose  computation  time  was  decreased  by 
about  a  factor  of  300  (from  about  30  hours  to  0. 1  hours  on  a  66  MHz  personal  computer 
system)~making  this  study  feasible. 

Additional  expressions  were  derived  to  perform  the  integration  over  0  and  to 
account  for  "near  wall"  and  "far  wall"  effects  of  the  hollow  cylinder.  Some  alpha  particles 
are  emitted  from  sources  in  the  "far  wall"  of  the  airway  and  must  traverse  both  tissue  and 
air  in  route  to  the  target.  This  fact  complicates  the  integration  over  0  in  Equation  C-6. 
Expressions  listed  below  were  incorporated  into  STDOSE  to  handle  particles  that 
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originated  from  the  "far  wall."  Additional  notation  introduced  is  described  in  the  text 

following  the  expressions. 

XL    "    dL,^  P*    +   *U*-»  Pti«u.     .  (C-7) 


(e<e    ) 


I^ir 


(2/(R.2-h2)   (6*ej  ' 


(C-8) 


h  =  (Rt  +  t)Tsind/dL    (Q>QBmx)    , 


(C-9) 
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arccos 


v  R.  +  «. 


+  arccos 


R     +  r 


(C-10) 


and         d...      =  d,  -  d,  . 


(C-ll) 


Some  notation  was  discussed  above,  directly  following  Equation  C-2.  The  quantity  dUair  is 
the  thickness  (cm)  of  air  between  the  source  line  at  (r,  0)  and  the  target;  dUtiMU<.  is  the 
thickness  (cm)  of  tissue  between  the  line  and  the  target;  dL  is  the  thickness  (cm)  between 
the  line  and  the  target  ( =  dUai  +  dUtissue).  The  condition  to  determine  whether  a  particle 
must  cross  the  hollow  portion  of  the  airway  is  to  compare  9  to  emgf  where  0^  denotes 
the  angle  at  which  dUair  becomes  greater  than  zero.  The  term  h  is  an  intermediate  term 
needed  to  determine  dUiir  when  the  particle  orginates  from  the  "far  wall"  (i.e.,  0  >0max). 

Target  and  source  tissues  in  extrathoracic  (ET)  regions  are  represented  with 
geometries  similar  to  BB  and  bb  regions;  however,  because  the  ET  regions  are  relatively 
insensitive  to  radiation-induced  risk,  uncertainties  in  source-target  tissue  dimensions  (or 
more  technically,  absorbed  fractions)  are  not  examined  in  this  research.  In  addition, 
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energy  absorption  in  AI  and  lymph  node  tissues  is  assumed  to  be  uniform  and  complete  for 

alpha  particles  (i.e.,  alpha  particles  emitted  by  these  tissues  are  absorbed  locally,  absorbed 

fractions  of  one);  so  dosimetry  computations  are  simple  for  these  regions  once  the  mass 

and  total  number  of  transformations  are  known.    However,  variability  still  exists  in  doses 

to  these  regions  due  to  uncertainties  in  the  deposition  and  clearance  aspects  and  due  to 

uncertainties  in  regional  tissue  masses.  The  ICRP  dose  methodology  is  adopted  for  ET, 

AI,  and  LN  regions.  In  that  method,  default  absorbed  fraction  values  (i.e.,  the  fraction  of 

energy  emitted  by  source  tissues  absorbed  in  target  tissues  of  the  respective  regions)  are 

used  to  compute  doses. 
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Table  C-l .  Listing  of  fortran  source  code  for  LINSUB 

PROGRAM  LINSUB 
£*•**  jo  CALCULATE  Equivalent  Dose  from  an  alpha-emitting  line  source. 
C****  The  code  uses  Simpson's  Rule  to  integrate  over  geometry. 
C****  Algorithms  in  subroutines  QSIMP  and  TRAPZD  came  form 
C****    the  text  Numerical  Recipes  (Press  et  al,  1 986). 
C****  Results  of  this  code  depend  on  the  stopping  medium  and  its  density. 
C****  Currently  code  reads  stopping  power  and  range  data  from  TABLE.DAT 
C****    which  contains  data  for  liquid  water.  These  data  are  from  ICRU  Report  No.  49  (1 993). 

C****    AUTHOR:  T.E.HUSTON 
C****    Last  Revised:  1 0/1 9/94 

dimension  tint(  1 0 1  ),xl(  1 0 1  ),ealf(  1 0)  jp(  1 0),rmax(  1 0),freq(  1 0) 
common/dat  l  /  e(79),r(79),s(79),ni 
common/geom/  rpk,txl,dentrg 

OPEN(umt=5/ile='linsub.dat',status-old') 

OPEN(unit=2,file='table.dat',status='old') 
C**  Table.DAT  stores  energy,range,and  stopping  power  data  from  ICRU49  for  water 

READ(2,*)  ni 

doi=l,ni 

read(2)*)e(i)j(i),s(i) 

enddo 
C**  dentrg=density  of  stopping  medium  (target, water)  in  g/cmA3. 
c**  ne=number  of  emissions  (alphas)  by  source 
c**  ealf(i),freq(i)  =  energy  and  frequancy  of  alpha  "i" 
c**  rp(i)  is  the  mass  range  (g/cmA2)  for  alpha  "i"  m  water 
c**  rmax(i)  (computed)  is  the  range  in  microns  for  alpha  "i"  in  water  of  density=dentrc 

READ(5,*)  dentrg 

READ(5,*)  ne 

doi=l,ne 

read(5,*)  ealf(i),freq(i) 
rp(i)=range(ealf(i)) 

enddo 

c  xlmm=minimum  density  thickness  of  interest  (urn),  from  target  to  line  source. 

c  xlmax=maximum " 

c  nxl=number  of  steps  in  xl  desired  (sets  thicknesses-step  size-between  calculations) 

READ(5,*)  xlmin.xlmax.nxl 

READ(5,*)  !skip  next  4  lines  in  input  file.. .these  lines  contain  comments 

READ(5,*) 

READ(5,*) 

READ(5,*) 

doi=l4ie 

WRITE(5,8005)  ealf(i),rp(i) 

enddo 
8005  FORMAT^SX/MASS  RANGE  OF  \F8.4, 

1  '  MeV  ALPHA  PARTICLE  IN  WATER  =  ' ,F8.4, 

2  '  CMA2/G    Note:  depends  on  density.') 
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Table  C-l  -cont'd. 

xlstp=(xlmax-xlmin)/real(nxl) 
do  10  i=l  jixl+1 
tint(i)=0.0 

xl(i)=xlmin+float(i- 1  )*xlstp    Itotal  density  thickness  (targ  to  line)  (g/cmA2) 
txl=xl(i) 

do  20  k=  1  ,ne  !  sum  over  all  emissions,  weighted 

rpk=rp(k) 

if(txl.ge.rpk)  go  to  20       Icompare  density  thickness  to  mass-density  range 
a=0  I  integrate  from  phi  =  a=0,  phi  is  described  in  text. 

b=ACOS(dpt/rpk)  ! "  to  phi  =  b 

tin=0.  linitialize  integral  to  0.0 

call  qsimp(a,b,tin)  Ireturn  tin  (Me V/g  per  1  dis/um) 

tint(i)=tint(i)+tin*freq(k)    (weighted  by  frequency  of  emission  and  summed  over  "ith"  alpha 
20     continue 
10  continue 

C**  to  get  to  dose  tint(i)=l./2/pi/(dt(i)+dv(j))*tint(i)*l  .602E-10      IDose  (Sv  per  1  dis/um) 
C**  here  the  factors  other  than  tint(i)  are  not  included, 
print  *,'Energies/frequencies:' 
print  *,  (ealf(i),i=l,ne) 
print*,  (freq(i),i=l,ne) 
print*,'   xL       I(Lj)' 
doi=l,nxHT 

print  *,xl(i),tint(i) 

if(i.eq.  1 8.or.i.eq.40)  pause 

if(i.eq.l8.or.i.eq.40)  print*,'   xl         I(Lj)' 
enddo 

open(unit=3,file='linsub.out',status='unknown') 
write(3,900) 

write(3,*)  (ealf(i),i=Ue) 

write(3,*)(freq(i),i=l,ne) 

write(3,905)j 

doi=l,nxl+l 

write(3,*)  xl(i),tint(i) 

enddo 
900  format('Energies/frequencies:') 
905  formate   xL       I(Lj)') 

close(l) 

close(2) 

close(3) 

stop 

End 


SUBROUTINE  QSIMP(A,B,S) 

PARAMETER  (EPS=l.E-4,  JMAX=22) 
c      jmax=10  Heads  to  nthet=512  for  comparison  to  adose.for 
c      EPS=l.e-4  means  error  is  0.0001  or  0.01% 

OST=-1.E30 

OS=-1.E30 
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Table  C-l -cont'd. 

DO  11  J=1,JMAX 

CALL  TRAPZD(A,B,ST,J) 
S=(4.*ST-OST)/3. 

IF  (ABS(S-OS).LT.EPS*ABS(OS))  RETURN 

OS=S 

OST=ST 
1 1     CONTINUE 

PAUSE  'Too  many  steps.' 
END 

(J********************************************** 

SUBROUTINE  TRAPZD(A3,S,N) 
IF(N.EQ.1)THEN 

S=0.5*(B-A)*(FUNC(A)+FUNC(B)) 
IT=1 
ELSE 

TNM=IT 
DEL=(B-AVTNM 
X=A-K).5*DEL 
SUM=0. 
DO  11  J=1,IT 
SUM=SUM+FUNC(X) 
X=X+DEL 
1 1      CONTINUE 

S=0.5*(S+(B-A)*SUM/TNM) 
IT=2*IT 
ENDIF 
RETURN 
END 
C***************************************** 

real  function  func(z) 
common/geom/  rpk,txl,dentrg 
dpres=rpk-txl/cos(z) 
fz=0. 
if(dpres.gt.O.)  then 

fz=stop(dpres)  !get  mass  stopping  power. 

fz=fz*qfac(fz,dentrg)  (multiply  by  quality  factor  Q  (depends  on  stoppmg  power,  fz*dentrg) 
endif 
func=fz 
return 
end 

C****  SUBROUTINES,  FUNCTIONS,  ETC.************************** 

REAL  FUNCTION  RANGE(EX) 
C 

C****  PURPOSE.  DETERMINES  THE  MASS  RANGE  (RX)  OF  ALPHA  PARTICLE 
C****  GIVEN  ITS  ENERGY  (EX) 

C****         REQUIRES  PREVIOUSLY  INPUT  RANGE-ENERGY  DATA 
C****         E(I)=ENERGY  VALUES,  R(I)=RANGE  VALUES, 
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Table  C-l --cont'd. 

C****         NI=#  OF  ENTREES  IN  RANGE-ENERGY  TABLE 
C 

IMPLICIT  REAL  (A-H,0-Z) 
INTEGER  NI 

Common/dat  1  /  e(79),r(79),s(79),ni 
C****  FIND  RANGE-USE  INTERPOLATION  BETWEEN  TABLE  VALUES 
DO10I=2,NI 

IF(EX-E(I).LE.O.)  GO  TO  50 
10  CONTINUE 
50  CONTINUE 

RANGE=R(I)-(E(I)-EX)*(R(I)-R(I- 1  ))/(E(I)-E(I- 1 )) 

RETURN 

END 

REAL  FUNCTION  STOP(RXP) 
C 

C****  PURPOSE:  DETERMINES  Mass  Stopping  Power  OF  ALPHA  PARTICLE 

C****  GIVEN  ITS  Residual  Mass  Range  (g/cmA2) 

C****  REQUIRES  PREVIOUSLY  INPUT  RANGE-ENERGY  DATA 

C****  E(I)=ENERGY  VALUES,  R(I)=RANGE  VALUES, 

C****  NI=#  OF  ENTREES  IN  RANGE-ENERGY  TABLE 

C 

IMPLICIT  REAL  (A-H.O-Z) 
INTEGER  NI 

common/dat  1  /  e(79),r(79),s(79),ni 
C****  FIND  SP-USE  LINEAR  INTERPOLATION  BETWEEN  TABLE  VALUES- VALID 
DO10I=2,NI 

IF(RXP-R(I)LE.O.)  GO  TO  50 
10  CONTINUE 
50  CONTINUE 

STOP=S(I)-(R(I)-RXP)*(S(I)-S(I- 1  ))/(R(I)-R(I- 1 ))  !MeV  cmA2/g 

RETURN 

END 

C  FUNCTION  QFAC 

C  PURPOSE:  DETERMINES  RADIATION  WEIGHTING  FACTOR  (QUALITY  FACTOR)  FOR 

C         ALPHA  PARTICLE  GIVEN  MASS  STOPPING  POWER  AND  MASS  DENSITY 

C         ASSUMES  MASS  STOP  POWER  =  LET  OF  PARTICLE  IN  MATERIAL 

C  INPUTS:  SX  =  MASS  STOPPING  POWER  (MEV-UMA2/G) 

C         dentrg  =  MASS  DENSITY  (G/CMA3) 

C  Based  on  ICRP  Publication  60  (1991a);  OR  see  page  101  in  Rad  Health  Handbook(Ed  Shleien  1992) 

REAL  FUNCTION  QFAC(SX,dentrg) 

REAL  SX,dentrg,SXP 

SXP=SX*dentrg*0. 1   Iconverts  units:  from  Mev-cmA2/g  to  keV/um 

IF(SXP.LT.  10.)  THEN 

QFAC=1.0 
ELSE  IF  (SXP  .GT.  100.0)  THEN 

QFAC=300.0/SQRT(SXP) 
ELSE 
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Table  C-l  -cont'd 

QFAC=0.32*SXP-2.2 
ENDIF 
RETURN 
END 


Table  C-2.  Listing  of  input  file  storing  mass-stopping  power  and  range  data 

Filename:  table.dat 

79     INI  =  #  ENTRIES  DOWN  Col  1 :  enrgy(MeV);  Col  2:  nmge(g/cm*2),  Col  3:  stopping  power 
(MeV-cmA2/g)  F^ 

0.000    0.000        0.000 

0.001     3.273E-06    3.271E+02 

0.0015   4.789E-06    3.305E+O2 

0.002    6.294E-06    3.342E+02 

0.0025   7.781E-06    3.386E+02 

0.003     9.247E-06    3.435E-K)2 

0.004     1.211E-05    3.546E+02 

0.005     1.489E-05     3.667E-K)2 

0.006     1.757E-05    3.793E-K)2 

0.007    2.016E-05    3.921E+02 

0.008    2.267E-05    4.049E-K)2 

0.009  2.510E-05  4.177E+02 

0.01   2.746E-05  4.304E+02 

0.0125  3.307E-05  4.615E+02 

0.015  3.831E-05  4.916E-K)2 

0.0175  4.325E-05  5.205E-K)2 

0.02     4.793E-05    5.484E+02 
0.0225   5.238E-05    5.752E-K)2 
0.025    5.663E-05    6.012E-K)2 
0.0275    6.071E-05    6.253E-K)2 
0.03     6.462E-05    6.506E+02 
0.035     7.204E-05    6.971E+02 
0.04     7.900E-05     7.411E-K)2 
0.045     8.556E-05     7.830E+02 
0.05     9.179E-05    8.230E-H)2 
0.055    9.772E-05    8.612E-K)2 
0.06      1.034E-04     8.980E+O2 
0.065     1.089E-04    9.333E-K)2 
0.07      1.141E-04    9.674E+02 
0.075     1.192E-04     1.000E+03 
0.08      1.241E-04     1.032E+O3 
0.085     1.289E-04     1.063E+03 
0.09      1.335E-04     1.093E+O3 
0.095     1.381E-04     1.122E-K)3 
0.1       1.425E-04     1.151E+03 
0.125     1.630E-04     1.281E+03 
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0.15 

1.817E-04     1.397E403 

0.175     1.989E-04     1.500E-K)3 

0.2 

2.151E-04     1.593E+03 

0.225    2.304E-04     1.677E+03 

0.25 

2.450E-04     1.753E-KJ3 

0.275    2.590E-04     1.820E+O3 

0.3 

2.725E-04     1.881E403 

0.35 

2.983E-04     1.985E403 

0.4 

3.230E-04    2.069E+O3 

0.45 

3.467E-04    2.134E+03 

0.5 

3.699E-04    2.184E+03 

0.55 

3.926E-04    2.220E+03 

0.6 

4.150E-04    2.245E+03 

0.65 

4.372E-04    2.260E-K)3 

0.7 

4.593E-04    2.266E-H33 

0.75 

4.813E-04    2.266E+03 

0.8 

5.034E-04    2.260E+O3 

0.85 

5.256E-04    2.248E+03 

0.9 

5.479E-04    2.233E+03 

0.95 

5.704E-04    2.215E+03 

1. 

5.931E-04    2.193E+03 

1.25 

7.107E-04    2.052E-K)3 

1.5 

8.374E-04     1.898E+03 

1.75 

9.744E-04     1.754E+03 

2. 

1.123E-03     1.625E+03 

2.25 

1.282E-03     1.512E-K)3 

2.5 

1.453E-03     1.415E+03 

2.75 

1.635E-03     1.330E+O3 

3. 

1.829E-03     1.257E+03 

3.5 

2.249E-03     1.133E-KJ3 

4. 

2.711E-03     1.035E+03 

4.5 

3.215E-03    9.535E+02 

5. 

3.759E-03    8.855E-H32 

5.5 

4.344E-03     8.275E+02 

6. 

4.967E-03    7.777E-K)2 

6.5 

5.630E-03     7.340E4O2 

7. 

6.330E-03     6.954E402 

7.5 

7.067E-03     6.612E-K)2 

8. 

7.842E-03    6.306E+02 

8.5 

8.653E-03    6.030E+02 

9. 

9.500E-03    5.780E+O2 

9.5 

1.038E-02    5.552E402 

10. 

1.130E-02     5.344F.+0? 

Source:  Data  are  from  ICRU  (1993) 
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Table  C-3.  Listing  of  sample  input  files  for  (A)  STDQSE  and  (B)  LTNSTTR 


(A)  LINSUB.DAT-Input  File  for  LINSUB  (Based  on  Pu-2391 
1.05 

4 

5.1046  0.1150 
5.1429  0.1510 
5.1554  0.7330 
5.0075  0.001094 
0.0  0.0040  80 

den  =  density  (g/cmA3) 

ne  =  #  of  alphas  emitted  by  source  (in  spectrum) 

ealf(ne),  freq(ne)        Note:  ICRP23  (REF  MAN)  lists  typical  lung  tissue 

dtmindtmax  ndt       Cp  163. bottom)  density  value  of  1.05  (1. 045- 1.0561  g/cmA3 


(B)  STDQSE.DAT-Input  File  for  STDQSE 

2 

5000.   0.0    110.0    10.0   75.0 

1.1649E-3    1.05 

Pu9bbb.raw' 

knuc  (l=Pu238;  2=Pu239;  3=Pu240;  4=Am241) 

calibre  smin  smax  tmin   tmax  (assumes  0  is  at  mucus  surface)  all  in  microns 

den  1  den2    den  1  =airwaydensity;  den2=tissue  density 

dfile=name  of  output  file  (created  and  written  tol 
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Table  C-4.  Listing  of  Fortran  Source  Code  for  STDOSE 

PROGRAM  STDOSE 
C 

C****  CALCULATES  DOSE,  DOSE  EQUIVALENT  PER  BQ/CMA3  VOLUME  ACTIVITY 

C****  UNIFORMLY  DISTRIBUTED  IN  A  CYLINDRICAL  SHELL  CONCENTRIC  ABOUT 

C****  A  COMMON  AXIS  AS  THE  TARGET  SHELL.  AIRWAY  MODEL:  HOLLOW/AIR-FILLED 

C****  CYLINDER,  CONCENTRIC  CYLINDERS  OF  SOURCE,  INTERMEDIATE  AND  TARGET 

SHELLS. 

C****  SOURCE  IS  AN  ALPHA  EMITTER. 

C****  The  code  reads  from  stdose.dat  and  writes  to  stdose.raw;  user  must  rename  to  pu9bbb.raw,  etc. 

C****        where  "pu9"  is  radionuclide  (Pu-239)  and  "bbb"  denotes  (BB  region,  "bb  =  bb  Region). 

C****  The  output  is  the  dose  response  matrix  for  a  given  alpha  nuclide. 

C****  The  utility  of  the  code  is  that  it  prevents  another  code  from 

C****     computing  the  same  quantities  over  and  over;  saves  CPUtime.  Calculations 

C****     are  made  once  and  can  be  used  later. 

C****  The  code  uses  iterative  version  of  Simpson'sRule  to  integrate  over  geometry. 

C****  The  algorithms  for  subroutines  QSIMP  and  TRAPZD  are  from  the  text 

C****    Numerical  Recipes  (Press  et  al.,  1 986). 

C****  Use  LINSUB  to  generate  numerical  data-->  fit  polynomial  or  some  regression  curve  to  data; 

C****  Use  the  regression  function  m  the  subroutine  ALINE  to  estimate  the  line  source  integral,  I,  for  mass 

C****   thickness  x. 

C****    AUTHOR:  T.E.HUSTON 

C****    Last  Revised:  10/9/94 

implicit  REAL  (a-h,o-z) 

real  range(4),dose(  1 50,250)  !(i j)=(target,source) 

character*  lOdfile 

data  pi/3. 141 59/ 

data  range/0.004343 1,0.0039408,0.0039559,0.0043992/ 

data  sthk/0.5/,tthk/0.5/ 

common/geom/  rmax,radi,rs,rt,themax,den  1  ,den2,knuc 

OPEN(unit=5/ile='stdose.dat',status='old') 

READ(5,*)  knuc 

READ(5,*)  calib,smin,smax,tmin,tmax 

READ(5,*)denl,den2 

READ(5,*)  dfile 

close(5) 
C**  knuc  =1,2,3,4  for  Pu-238,239,240,and  Am-241  respectively 

C**  conc(knuc)  =  concentration  of  nuclide  knuc  in  (dis/cmA2  for  a  surface  source  or  dis/cmA3  for  volume) 
C**  calib=  airway  calibre(i.e.,  diameter,  um) 

C**  smin  =  minimum  source  depth  (depth  of  source  from  airway  surface,  um) 
C**  smax  =  maximum  source  depth,  um  (if  0,source=surface) 
C**  tmin  =  minimum  target  depth  from  airway,  um; 
C**  tmax=max  target  depth,um 
C**  denl=density  of  air  in  airway  (at  BTPS  conditions) 
C**  den2  =  density  of  airway  wall,  tissue  (g/cmA3) 

C**  dfile  =  the  name  of  the  output  file:  e.g.,  pu9bbb.raw  =  Pu-239,  BB  region;  this  file  is  read  by  dose.exe. 
C**  Get  number  of  source  depths  and  target  depths  to  include  in  array  dose(ij) 
C**  0.5  um  thick  source  shells  are  assumed;  0.5  um  steps  in  depths  are  taken  for  targets. 

ns=NrNT((smax-smin)/sthk)  !#  of  source  shells  considered(integrate  over  sthk) 

nt=NINT((tmax-tmin)/tthk)    !  Note  that  'tthk'  micron  thickness  used. 
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Table  C-4-cnnf 'H 

if(ns.eq.O)  ns=l 
if(nt.eq.O)nt=l 

radi=calib/2.  fairway  radius  in  microns 

rmax=range(knuc)  !rmax  is  mass  range  in  g/cmA2 

C  Initialize  array  which  will  store  elements  in  the  alpha  dose  matrix. 
doi=l,nt 

doj=l,ns 

dose(ij)=0. 
enddo 
enddo 
C  Begin  loop  over  target  points  (shells)  at  depths  td(i): 
dollOi=l,nt 

td=tmin+FLOAT(i)*tthk-0.5*tthk 

rt=td+radi  Idistance  from  center  of  airway  to  target  shell. 

C  Begin  loop  over  source  shells  at  depth  sd: 
dol00j=l,ns 
sd=smin+FLOAT(j)*sthk-0.5*sthk 
if(sd.eq.td)sd=sd-K).025 

rs=sd+radi      Idistance  from  center  of  airway  to  source  shell. 
if(ABS(l  0e-4*den2*(rt-rs))  .ge.  rmax)  go  to  90 

themax=ACOS(radi/rt)+ACOS(radi/rs)       Idelineates  near  wall  and  far  wall 
C  Common  block  "geom"  passes  other  relevant  info: 

CALL  QSMP(0.,PI,SS)     lintegrate  from  0  to  pi,  return  SS  (integral) 
ttl=SS/PI 

dose(i  j)=rs*sthk*ttl*  1 .602E- 1 0*  1  .OE-8 
C  Note  dose(i  j)  =  Dose  response  for  target  at  td(i)  and 
C  source  shell  at  sd(j)  units:  Sv/(per  dis/cmA3)  per  0.5-um  thick  source  shell. 

90       print  *,td,sd,ij,dose(ij) 

100    CONTINUE 

print  *,  fioat(i)/float(nt)*100.0>'%  complete' 

110    CONTINUE 

C WRITE  RESULTS C 

C  Note:  this  is  strange,  but  I  found  that  dimensions  of  dose(ij)  must  remain 

C  the  same  as  in  this  code  for  any  code  readmg  "dfile"  (the  binary  file  output  file). 

C I  encountered  problems  otherwise!  Used  Lahey  FORTRAN  compiler;  other  compilers 

C  might  not  have  this  problem. 

C 

or^(unit=2>file=dfile,access- sequential', 

*   form-unformatted') 

write(2)  smin,smax,ns,sthk 

write(2)  tmin,tmax,nt,tthk 

write(2)  ((dose(i  j)  j=  1  ,ns),i=  1  ,nt) 

close(2) 

STOP 

END 

C***************************************************,,,*,,^^,^ 

C  SUBROUTINES 

C****************************************************^,^^,,, 

C************* ****** ***********************#+:Ml 
SUBROUTINE  QSDMP(A,B,S) 
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Table  C-4-cont'd. 

PARAMETER  (EPS=l.E-2,  JMAX=21) 
REAL  OS.OST.S.ST  AB 
INTEGER  J 
C**  jmax  — >max  #  of  iterations  =  2A(jmax- 1 ) 

C**  eps  gives  the  relative  difference  between  subsequent  iterations  before  exiting 
C**  eps  =  the  fractional  difference  from  old  and  new  interations  when  (new-old)/old  <  eps, 
C**  code  will  assume  convergence  on  integral  value  and  return 

OST=-1.E30 
OS=-1.E30 
DO  11  J=1,JMAX 

CALL  TRAPZD(A,B,ST,J) 
S=(4.*ST-OST)/3. 

IF  (ABS(S-OS).LE.EPS*ABS(OS))  RETURN 
if(j  .eq.jmax)  go  to  1 1  !My  line 

OS=S 
OST=ST 
11    CONTINUE 

Print  100,  ABS(S-OS),EPS*ABS(OS)  (Added  line  to  inform  of  convergence  problem. 
PAUSE  Too  many  steps.'  !  PAUSE  execution 

100  FORMAT0ABS(NEW-OLD:^E12.4,•  EPS*OLD.^12.4)    iMyLine 
END 

C********************************************** 

SUBROUTINE  TRAPZD(A3,S,N) 
c  Note  subroutine  stores  IT  and  S  between  calls! 

IF(N.EQ.1)THEN 

S=0.5*(B-A)*(FUNC(A)+FUNC(B)) 
IT=1 
ELSE 

TNM=IT  !REAL  VALUE 

DEL=(B-A)/TNM 

X=A+0.5*DEL 

SUM=0. 

D0  11J=1,IT 

SUM=SUM+FUNC(X) 

X=X+DEL 
1 1      CONTINUE 

S=0.5*(S+(B-A)*SUM/TNM) 

IT=2*IT 
ENDIF 
RETURN 
END 

REAL  FUNCTION  FUNC(Z) 

common/geom/  rmax,radi,rs,it,themax,denl  ,den2,knuc 
C  LOCAL  VARIABLES: 
C  dtot=total  line  source  to  target  distance 
C  dair=distance  particle  must  travel  in  air  (w.r.t  line  source) 
C  dtis=mass  distance  particle  must  travel  in  tissue  (wrt  line  source) 

dtot=SQRT(rs*rs+rt*rt-2.*rs*rt*COS(z))    !in  urn 
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Table  C-4-cont'd 

if(dtot.eq.O.)  dtot=0.0001 

dair=0.      !dair=Oine  source)  distance  particle  must  travel  in  airway 

if(z.gt.themax)  then 

ht=rt*rs*SIN(z)/dtot 

if(hLlt.radi)  dair=2.  *SQRT(radi*radi-ht*ht) 

endif 
£****•  dtis=l  .0E-4*den2*(dtot-dair)     !Mass  tissue  thickness(cmA2/g) 
C*****dair=1.0E-4*denl*dair  !Mass  airway  distance 

C*****  dboth=dair+dtis 

dboth=l .0E-4*(denl  *dair+den2*(dtot-dair))  !Mass  distance  total 

dtot=dtot*  1  .OE-4  Iconvert  from  urn  to  cm 

tint=0. 

if(dboth  .It.  rmax)  call  aline(knuc,dtot,dboth,tint) 

func=tint 

return 

end 

C***Uses  line  source  response  polynomial  function  generated  as  a  result  of  LINSUB. 

C***  Note  that  it  is  density  specific  (since  quality  factor  depends  on  target  density). 

c***  den=l  .05  g/cmA3  was  used  to  genersate  data  for  curves. 

C****  k=l  ,2,3,4  =  Pu-238,239,240,and  Am-24 1 ,  respectively. 

C****  Based  on  polynomial  fits  to  response  obtained  from  data  from  lindose.sub 

£•*••  b^g  Tm  witn  ^m  vaiues  for  x  =  X^L  jjj  text  =  density  thickness  from 

C****  target  to  source  line  at  rs,  z  =  r,theta  in  text. 

c****  LINSUB.FOR  was  written  by  T.E.  Huston  using  algorithms  similar  to  those  in 

C****  ALDOSE  (ALDOSE  is  available  from  the  Radiation  Shielding  and 

C****  Information  Center  at  Oak  Ridge  Nat.  Lab.,  Oak  Ridge,  TN  37830) 

SUBROUTINE  ALiNE(K,D,XjrNT) 

dimension  PC(2,6) 

data((PC(ij),j=l,6),i=l,2) 

&/-1.829E+17,1.145E+15,-1.048E+12,-7.019E+9,  1.319E+7.3.394E+4 

&  -1.435E+17.2.094E+14,  3.425E+12,-1.421E+10,1.461E+7  3  733E+4/ 

kn=k 

if(k.eq.3)  kn=2      IResponse  for  PU-240  is  approx  =  PU-239 

if(k.eq.4)  kn=l      IResponse  for  AM-214  is  approx  =  PU=238 
C  Note:  tint  is  in  units  of  MeV-cmA2/g; 

tint  =  PC(kn,l)*X*X*X*X*X  +  PC(kn,2)*X*X*X*X  +  PC(kn,3)*X*X*X  + 

&     PC(kn,4)*X*X  +  PC(kn,5)*X  +  PC(kn,6) 

if(tint.lt.O.)  tint=0. 

tint  =  tint/D 
C  actual  line  dose  is  2/4pi*  tint;  tint  is  in  units  of  (Me  Wg  per  ldis/cm); 
C  constants  (pi,  etc.)  are  handled  later. 

return 

end 


APPENDIX  D 
TIDAL  VOLUMES  FOR  CHILDREN 


A  study  of  the  breathing  pattern  for  children  was  performed  by  Godfrey  et  al. 
(1971).  In  that  study,  117  boys  and  girls  were  examined  at  three  steady-state  exertion 
levels.  The  levels  included  rest,  1/3  and  2/3  of  the  maximum  exercise  energy-consumption 
level  (denoted  as  W^.  The  respiratory  parameters  measured  included  ventilation  rate 
(VE),  tidal  volume  (VT),  oxygen  consumption  rate  (V02),  and  respiratory  frequency.  A 
relationship  between  ventilation  rate  and  tidal  volume  similar  to  that  suggested  by  Hey  et 
al.  (1966)  for  adults  is  desired  for  children.  Information  on  the  variability  in  tidal  volumes 
at  specified  ages  is  also  desired.  The  data  collected  in  the  study  by  Godfrey  et  al.  (1971) 
for  subjects  in  steady-state  exercise  tests  were  obtained  from  the  Librarian  of  the  Royal 
Society  of  Medicine  (see  note  below  Table  D-l).  The  data  of  use  in  the  present  study  are 
listed  in  Table  D-l .  For  those  subjects  having  a  complete  set  of  data  (consisting  of  values 
reported  at  all  three  exercise  levels),  the  equation  recommended  by  Hey  et  al.  (1966)  was 
fit  to  the  ventilation  rate  and  tidal  volume  data,  VE  =  M(VT  -  K).  This  equation  denotes  an 
assumed  linear  relationship  between  ventilation  rate  and  tidal  volume.  The  values  of  M 
(min1)  and  K  (liters)  along  with  the  coefficient  of  determination  (R2)  are  listed  for 
appropriate  subjects  in  the  last  three  columns  of  Table  D-l .  The  coefficient  of 
determination,  or  R2,  indicates  the  percentage  of  the  variance  described  by  the  equation. 
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356 
Both  parameters  M  and  K  were  found  to  be  slightly  correlated  to  the  age  of  the  subject. 
Values  of  M  and  K  versus  age  are  plotted  in  Figures  D-l  and  D-2.  A  best-fitting 
regression  equation  was  determined  for  the  relationship  and  is  also  plotted  in  these  figures. 
For  M  the  relationship  with  age  is: 

MCmin'1)  =  1.48xl02exp(-7.32xl<r2*Age);R2  =  0.35;  n  =  71  (A-l) 

For  K  the  relationship  with  age  is: 


K(liters)  =  8.75xl0-2*Age487xUr,;     R2  =  0.10,     n  =  71 


(A-2) 


These  expressions  are  used  to  estimate  values  for  M  and  K  as  a  function  of  the  subject 
age.  Given  the  ventilation  rate  for  the  subject,  the  average  tidal  volume  is  approximated 
by  solving  VT  =  VE/M+K. 

To  estimate  the  variability  in  the  tidal  volume,  some  measure  of  the  spread  of  tidal 
volumes  is  needed.  The  data  for  tidal  volumes  in  Table  D-l  have  been  analyzed  per  single 
year  age  interval;  the  results  are  shown  in  Table  D-2.  The  table  gives  the  geometric  means 
and  geometric  standard  deviations  for  the  three  exertion  levels.  The  geometric  standard 
deviations  (GSD)  are  similar  for  all  ages/levels  and  range  from  1.13  to  1 .61 .  Averaging  all 
GSD  values  in  the  table  yields  an  average  value  of  1 .27. 
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Figure  D-l    Relationship  between  M  and  age  for  data  listed  in  Table  D-l . 


0.8 


0.6- 


M  0.4  H 


* 


0.2- 


0 


K  =  8.75E-2*(AgeA4.87E-l) 
RA2  =  0.101;  n  =  71  O 


o 


o 
o    ~    °  °    o 


o 


o 


oo 


2  4  6 

Age  (years) 

Figure  D-2.  Relationship  between  K  and  age  for  data  listed  in  Table  D-l. 
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Table  D-2.  Geometric  mean  tidal  volumes  and  geometric  standard  deviations. 


e(yrs) 

OWmax 

1/3  Wmax 

2/3  Wmax 

Ag 

281 

GSD 

1.26 

Vr 

GSD 

vT 

GSD 

6 

389 

1.24 

446 

1.13 

7 

306 

1.29 

489 

1.29 

557 

1.22 

8 

343 

1.20 

492 

1.17 

624 

1.14 

9 

396 

1.39 

522 

1.15 

660 

1.29 

10 

374 

1.30 

574 

1.20 

731 

1.19 

11 

495 

1.30 

752 

1.27 

910 

1.28 

12 

520 

1.40 

780 

1.22 

1011 

1.19 

13 

488 

1.40 

842 

1.22 

1074 

1.20 

14 

472 

1.61 

940 

1.35 

1309 

1.34 

15 

473 

1.30 

938 

1.25 

1296 

1.32 

Average 

!  GSD's: 

1.34 

1.24 

1.23 

Notes:  Data  derived  from  Table  D 

-1. 

All  columns  labeled  VT  represent  geometric  means. 

All  columns  labeled  GSD  repsresent  geometric  standard  deviations. 


APPENDIX  E 
DOSE  DATA  FOR  INHALATION  OF  PLUTONIUM  OXIDE 


The  probabilistic  computer  code  LUDUC  has  been  run  for  a  number  of  exposure 
scenarios.  Some  of  the  dose  data  that  resulted  from  these  runs  are  listed  in  this  appendix 
These  data  represent  the  equivalent  dose  to  the  specified  target  tissue  per  activity 
exposure,  denoted  H/Ae  (with  units  of  Sv  per  Bq-hr/m3).  The  radionuclide/chemical  form 
was  239Pu02  for  all  cases;  however,  for  the  same  activity  exposure  (Bq-hr/m3),  the  data  are 
essentially  the  same  for  240PuO2  and  for  mixtures  of  239+240Pu02.  The  data  include  various 
fractiles  (e.g.,  5%,  50%,  95%  fractiles),  geometric  means  (GM),  and  geometric  standard 
deviations  (GSD).  In  all  cases,  aerosol  particles  were  assumed  to  be  comprised  of 
monodisperse  (single-sized  aerosol  particles),  unit  density  spheres  (i.e.,  mass  density  of  1 
g/cm3  and  particle  shape  factor  of  1).  Dose  calculations  are  based  on  an  acute  intake. 
Doses  are  integrated  over  50  years  post  intake  for  adults  (age  ;>  18  years)  and  70  years 
post  intak  for  children  (age  <  18  years).  In  all  cases,  each  data  point  is  based  on  a  sample 
size  of  n  =  1000  using  Latin  hypercube  sampling  techniques. 

The  five  target  tissues  are  (1)  the  secretory  cells  of  the  bronchial  (BB)  epithelium, 
(2)  the  basal  cells  of  the  bronchial  epithelium,  (3)  the  secretory  cells  of  the  bronchiolar 
(bb)  epithelium,  (4)  the  total  mass  of  the  alveolar-interstitium  (AI),  and  (5)  the  total  mass 
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365 
of  the  lymph  nodes  associated  with  the  thoracic  region  (LNth).  The  data  presented  for  the 
"lung"  represent  a  weighted  sum  of  the  equivalent  doses  to  the  five  target  tissues. 

The  first  data  set  is  listed  in  Table  E-l  and  is  for  exposure  of  adult  males  (25-34 
years  of  age)  at  all  exertion  levels:  resting,  sitting,  light  exertion,  and  heavy  exertion. 
Entries  in  the  table  represent  various  equivalent  dose  fractiles  (in  Sv  per  Bq-hr/m3) 
obtained  for  exposure  to  several  particle  diameters  (in  microns).  Particles  were  assumed 
to  be  unit  density  spheres  so  that  diameters  correspond  to  aerodynamic  diameters. 

The  second  data  set  is  listed  in  Table  E-2  and  is  for  several  age  groups  each  at  the 
light  exertion  level.  The  entries  in  this  data  set  are  similar  to  the  those  in  Table  E-l  and 
list  various  dose  fractiles  versus  particle  diameter  (same  units  as  Table  E-l).  The  only 
difference  is  the  age  of  the  population  group.  For  2,  5,  and  10  year-old  groups  the  gender 
was  taken  to  be  males  in  the  methodology;  however,  differences  in  fractiles  between  males 
and  females  were  negligible. 

The  third  data  set  is  listed  in  Table  E-3  and  is  for  for  all  age  groups  and  all  exertion 
levels.  This  third  set  lists  geometric  means  (GM)  and  geometric  standard  deviations 
(GSD)  for  the  equivalent  doses  versus  particle  diameter  (monodisperse,  unit  density 
spheres)  for  all  target  tissues.  Geometric  means  have  units  of  Sv  per  Bq-hr/m3.  Values 
listed  as  "-1"  in  the  table  correspond  to  cases  in  which  the  GM  and  GSD  could  not  be 
computed  due  to  zero  dose  values  for  some  of  the  trials. 
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Table  E-l .  Various  fractiles  (versus  particle  diameter  in  urn)  for  equivalent  dose  per 
activity  exposure,  H/Ae  (units:  Sv  per  Bq-hr/m3),  for  adult  males  (25-34  years)  exposed  to 
"PuOj  aerosols  at  four  exertion  levels  (assumes  monodisperse,  unit  density  spheres). 


BB  Secret 

sry  Cells  (M 

ales,  25-34  years.  Resting) 

Diameter 

5% 

10%           25% 

50%            75%            90%             ?5% 

0.1 

9.69E-06 

1.27E-05     1.85E-05 

2.99E-05    4.66E-05    6.86E-05    9.28E-05 

0.2 

6.17E-06 

8.11E-06     1.19E-05 

1.91E-05    3.01E-05    4.42E-05    5.94E-05 

0.5 

3.52E-06 

4.56E-06    6.86E-06 

1.07E-O5     1.69E-05    2.52E-05    3.41E-05 

0.8 

3.33E-06 

4.09E-06    6.36E-06 

9.94E-06     1.59E-05     2.48E-05     3.28E-05 

1 

3.53E-06 

4.57E-06    7.42E-06 

1.16E-05     1.89E-05    2.97E-05    4.10E-05 

2 

7.97E-06 

1.04E-O5     1.83E-05 

3.06E-05    5.12E-05    8.98E-05     1.22E-04 

5 

1.79E-06 

2.57E-06    5.28E-06 

1.11E-05    2.47E-05    4.59E-05    6.95E-05 

8 

7.71E-07 

1.10E-06    2.19E-06 

4.78E-06     1.12E-05    2.56E-05    3.85E-05 

10 

5.82E-07 

8.07E-07     1.64E-06 

3.77E-06    8.83E-06    2.13E-05    3.24E-05 

20 

1.62E-07 

2.25E-07    4.74E-07 

1.14E-06    2.82E-06    7.11E-06     1.04E-O5 

50 

1.69E-08 

2.43E-08    5.12E-08 

1.19E-07    3.06E-07    7.62E-07     1.19E-06 

BB  Basal  ( 

"ells  (Males,  25-34  years,  Resting) 

Diameter 

5% 

10%           25% 

50%            75%            90%            95% 

0.1 

7.93E-07 

1.15E-06    2.56E-06 

1.12E-05     3.14E-05     5.96E-05     8.27E-05 

0.2 

5.15E-07 

7.39E-07     1.66E-06 

7.13E-06    2.04E-05    3.81E-05    5.31E-05 

0.5 

2.74E-07 

4.18E-07    9.38E-07 

3.98E-06     1.16E-05    2.20E-05    2.95E-05 

0.8 

2.42E-07 

3.69E-07    8.41E-07 

3.54E-06     1.07E-05    2.07E-05    2.74E-05 

1 

2.67E-07 

4.10E-07    9.71E-07 

4.13E-06     1.25E-05     2.49E-05     3.44E-05 

2 

7.02E-07 

1.05E-06    2.87E-06 

1.11E-05    3.27E-05    6.85E-05    9.79E-05 

5 

1.12E-06 

1.50E-06    3.12E-06 

7.10E-46     1.51E-05     3.45E-05     5.28E-05 

8 

8.56E-07 

1.18E-06    2.08E-06 

4.56E-06    9.63E-06    2.18E-05     3.30E-05 

10 

7.06E-07 

9.38E-07     1.73E-06 

3.59E-06    8.04E-06     1.79E-05    2.75E-05 

20 

2.06E-07 

2.94E-07    5.42E-07 

1.14E-06    2.66E-06    6.12E-06    8.61E-06 

50 

2.06E-08 

3.15E-08    5.73E-08 

1.22E-07    2.82E-07    6.67E-07    9.39E-07 

bb  Secretor 

y  Cells  (Males,  25-34  years.  Resting) 

Diameter 

5% 

10%            25% 

50%            75%            90%            95% 

0.1 

4.14E-05 

4.95E-05    6.73E-05 

9.67E-05     1.38E-04     1.96E-04    2.33E-04 

0.2 

2.41E-05 

2.86E-05    3.89E-05 

5.60E-05    8.05E-O5     1.14E-04     1.36E-04 

0.5 

1.33E-05 

1.60E-05    2.15E-05 

3.17E-05    4.46E-05    6.26E-05    7.41E-05 

0.8 

1.38E-05 

1.60E-05    2.22E-05 

3.22E-05    4.70E-05    6.37E-05    7.59E-05 

1 

1.52E-05 

1.82E-05     2.53E-05 

3.63E-05     5.50E-05     7.39E-05     9.20E-05 

2 

2.48E-05 

3.12E-05    4.36E-05 

6.66E-05     9.97E-05     1.43E-04     1.76E-04 

5 

3.90E-06 

5.59E-06    8.61E-06 

1.48E-05     2.64E-05    4.11E-05     5.54E-05 

8 

9.01E-07 

1.33E-06    2.16E-06 

3.92E-06    7.57E-06     1.42E-05    2.06E-05 

10 

3.77E-07 

5.91E-07     1.01E-06 

1.91E-06    3.81E-06     7.92E-06     1.17E-05 

20 

9.51E-10 

2.96E-09     1.27E-08 

4.62E-08     1.41E-07    3.75E-07    7.44E-07 

50 

0 

0                 0 

0    2.05E-14     1.13E-12    8.33E-12 

Table  E-l --cont'd 
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AI  Tissues  (Males,  25-34  years,  Resting) 

Diameter 

5% 

10% 

25%            50%            75%            90%            95% 

0.] 

4.01E-05 

4.80E-O5 

6.46E-05     8.98E-05     1.25E-04     1.63E-04     1.87E-04 

0.2 

2.25E-05 

2.73E-05 

3.68E-05    5.11E-05    7.19E-05    9.55E-05     1.12E-04 

0.5 

1.70E-05 

2.06E-05 

2.81E-05    4.05E-05    5.63E-05     7.59E-05    8.86E-05 

0.8 

2.28E-05 

2.82E-05 

3.92E-05     5.60E-05     7.86E-05     1.05E-04     1.25E-04 

1 

2.75E-05 

3.43E-05 

4.81E-05    6.78E-05     9.51E-05     1.29E-04     1.51E-04 

2 

4.21E-05 

5.39E-05 

7.43E-05     1.05E-04     1.45E-04     1.92E-04    2.24E-04 

5 

1.70E-05 

2.27E-05 

3.37E-05    5.24E-05    7.63E-05     1.09E-04     1.38E-04 

8 

3.65E-06 

4.90E-06 

7.68E-06     1.32E-05    2.14E-05    3.43E-05    4.78E-05 

10 

1.14E-06 

1.55E-06 

2.56E-06    4.95E-06    8.61E-06     1.46E-05    2.08E-05 

20 

2.63E-10 

6.43E-10 

3.11E-09     1.45E-08    5.62E-08     1.40E-07    2.43E-07 

50 

1           o 

0 

0                0   0.00E+00     1.18E-16     1.46E-15 

LNth  Tissues  (Males,  25-34  years,  Resting) 

Diameter 

5% 

10% 

25%            50%            75%            90%            95% 

0.1 

7.06E-05 

1.12E-04 

2.58E-04    5.62E-04    9.61E-04     1.42E-03     1.80E-03 

0.2 

4.10E-05 

6.51E-05 

1.50E-04    3.24E-04    5.56E-04     8.28E-04     1.04E-03 

0.5 

2.65E-05 

4.35E-05 

1.07E-04    2.24E-04    3.91E-04    6.05E-04    7.55E-04 

0.8 

3.21E-05 

5.44E-05 

1.34E-04    2.90E-04    5.17E-04     8.03E-04     1.01E-03 

1 

3.79E-05 

6.51E-05 

1.63E-04     3.48E-04    6.17E-04    9.75E-04     1.21E-03 

2 

6.41E-05 

1.04E-04 

2.70E-04     5.61E-04    9.81E-04     1.58E-03     1.85E-03 

5 

4.42E-05 

7.27E-05 

1.68E-04    3.61E-04    6.75E-04     1.01E-03     1.33E-03 

8 

2.13E-05 

3.50E-05 

7.31E-05     1.50E-04    2.90E-04    4.62E-04    6.54E-04 

10 

1.35E-05 

2.06E-05 

4.40E-05    8.78E-05     1.74E-04    2.85E-04    4.12E-04 

20 

1.96E-06 

3.28E-06 

6.56E-06     1.33E-05    2.72E-05    4.60E-05    7.29E-05 

50 

1.82E-07 

3.06E-07 

6.20E-07     1.27E-06    2.61E-06    4.59E-06    7  15F.-06 

Lung,  Com 

bined  (Males,  25-34  years,  Resting) 

Diameter 

5% 

10% 

25%           50%           75%           90%           95% 

0.1 

3.27E-05 

3.90E-05 

5.47E-05     7.43E-05     1.00E-04     1.32E-04     1.58E-04 

0.2 

1.93E-05 

2.29E-05 

3.19E-05    4.33E-05     5.81E-05     7.75E-05     9.29E-05 

0.5 

1.17E-05 

1.47E-05 

2.03E-O5     2.83E-05     3.87E-05     5.06E-05     5.92E-05 

0.8 

1.33E-05 

1.63E-05 

2.34E-05    3.43E-05    4.64E-05    6.17E-05    7.45E-05 

1 

1.57E-05 

1.94E-05 

2.79E-05    4.06E-05     5.58E-05     7.40E-05     8.95E-05 

2 

2.86E-05 

3.59E-05 

4.87E-05    7.04E-05    9.77E-05     1.28E-04     1.53E-04 

5 

8.18E-06 

1.04E-05 

1.69E-05    2.73E-05    4.33E-05    6.17E-05    7.66E-05 

8 

2.07E-06 

2.97E-06 

4.65E-06    8.14E-06     1.43E-05    2.30E-05     3.24E-05 

10 

9.98E-07 

1.37E-06 

2.33E-06    4.03E-06    7.27E-06     1.31E-05     1.91E-05 

20 

4.93E-08 

7.81E-08 

1.66E-07    3.79E-07    9.13E-07    2.22E-06    3.65E-06 

50 

3.20E-09 

5.44E-09 

1.30E-08    3.48E-08    8.84E-08    2.23E-07    3  59E-07 

Table  E-l —cont'd 
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BB  Secret 

Dry  Cells  (M 

ales,  25-34 

years,  Sitting) 

Diameter 

5% 

10% 

25%           50%           75%           90%           95% 

0.1 

1.15E-05 

1.49E-05 

2.17E-05     3.48E-05     5.51E-05     7.99E-05     1.09E-04 

0.2 

7.30E-06 

9.45E-06 

1.39E-05    2.23E-05    3.51E-05    5.09E-05    6.95E-05 

0.5 

4.28E-06 

5.49E-06 

8.35E-06     1.30E-O5    2.09E-05     3.02E-05    4.18E-05 

0.8 

4.42E-06 

5.81E-06 

9.30E-06     1.47E-05    2.38E-05     3.93E-05     5.45E-05 

1 

5.42E-06 

6.95E-06 

1.18E-05     1.90E-05    3.16E-05    5.60E-05    7.60E-05 

2 

1.34E-05 

1.85E-05 

3.20E-O5    5.33E-05    9.10E-05     1.65E-04    2.19E-04 

5 

2.37E-06 

3.45E-06 

7.33E-06     1.60E-05    3.65E-05    7.25E-05     1.07E-04 

8 

9.73E-07 

1.31E-06 

2.78E-06    6.33E-06     1.60E-05     3.71E-05     5.49E-05 

10 

6.94E-07 

9.66E-07 

1.99E-06    4.74E-06     1.19E-05     2.88E-05    4.34E-05 

20 

1.64E-07 

2.38E-07 

4.87E-07     1.19E-06    3.04E-06    7.97E-06     1.22E-05 

50 

1.63E-08 

2.36E-08 

5.01E-08     1.18E-07    3.09E-07    7.89E-07     1.23E-06I 

BB  Basal  Cells  (Males,  25-34  years,  Sitting) 

Diameter 

5% 

10% 

25%            50%            75%            90%            95% 

0.1 

9.25E-07 

1.33E-06 

3.03E-06     1.30E-05     3.75E-05    6.89E-05     9.73E-05 

0.2 

5.86E-07 

8.46E-07 

1.93E-06     8.33E-06    2.41E-05    4.39E-05    6.14E-05 

0.5 

3.27E-07 

5.05E-07 

1.15E-06    4.75E-06     1.39E-05    2.64E-05     3.54E-05 

0.8 

3.56E-07 

5.26E-07 

1.29E-06    5.35E-06     1.60E-05     3.26E-05    4.31E-05 

1 

4.56E-07 

6.74E-07 

1.73E-06    6.94E-06    2.05E-05    4.40E-05     5.95E-05 

2 

1.32E-06 

1.88E-06 

5.27E-06    2.01E-05     5.81E-05     1.23E-04     1.84E-04 

5 

1.56E-06 

2.12E-06 

4.53E-06     1.07E-05    2.33E-05    5.46E-05    8.24E-05 

8 

1.11E-06 

1.50E-06 

2.73E-06    5.84E-06     1.36E-05     3.15E-05    4.81E-05 

10 

8.68E-07 

1.15E-06 

2.13E-06    4.58E-06     1.06E-05    2.52E-05    3.73E-05 

20    2.11E-07 

3.00E-07 

5.58E-07     1.20E-06    2.92E-06    7.22E-06     1.01E-05 

50|  2.01E-08 

3.03E-08 

5.57E-08     1.21E-07    2.99E-07    7.03E-07    9  81F-07I 

bb  Secretory  Cells  (Males,  25-34  years,  Sitting) 

Diameter 

5% 

10% 

25%            50%            75%            90%            95% 

0.1 

5.11E-05 

6.10E-05 

8.14E-05     1.18E-04     1.72E-04    2.41E-04    2.89E-04 

0.2 

2.94E-05 

3.56E-05 

4.66E-05     6.83E-05     9.89E-05     1.38E-04     1.66E-04 

0.5 

1.57E-05 

1.93E-05 

2.56E-05     3.73E-05     5.38E-05     7.39E-05     8.80E-05 

0.8 

1.56E-05 

1.84E-05 

2.51E-05    3.67E-05    5.15E-05    7.02E-05    8.32E-05 

1 

1.75E-05 

2.09E-05 

2.82E-05    4.11E-05    6.01E-05     8.06E-05     9.92E-05 

2 

2.74E-05 

3.36E-05 

4.74E-05     7.27E-05     1.09E-04     1.54E-04     1.92E-04 

5 

3.75E-06 

5.16E-06 

8.46E-06     1.51E-05     2.69E-05     4.56E-05    6.11E-05 

8 

7.15E-07 

1.11E-06 

1.84E-06    3.48E-06    6.85E-06     1.37E-05    2.17E-05 

10 

2.56E-07 

4.26E-07 

7.31E-07     1.56E-06    3.26E-06    7.28E-06     1.15E-05 

20    6.27E-11 

3.13E-10 

2.69E-09     1.59E-08    6.16E-08    2.05E-07    3.74E-07 

5o|                0 

0 

0                0                0    8.24E-15     1.41E-13 
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AI  Tissue 

>  (Males,  25-34  years,  Sitting) 

Diameter 

5%           10% 

25%            50%            75%            90%            ->5% 

0.] 

5.60E-05    6.47E-05 

8.95E-05     1.22E-04     1.77E-04    2.27E-04    2.59E-04 

0.2 

3.16E-05    3.70E-05 

5.04E-O5    6.97E-05     9.98E-05     1.30E-04     1.50E-04 

O.f 

2.35E-05    2.77E-05 

3.78E-05    5.35E-05    7.49E-05     1.00E-04     1.21E-04 

0.8 

3.08E-05    3.75E-05 

5.16E-05    7.51E-05     1.04E-O4     1.38E-04     1.68E-04 

1 

3.75E-05    4.50E-05 

6.22E-05    8.91E-05     1.25E-04     1.68E-04    2.02E-04 

2 

5.16E-05    6.46E-05 

9.07E-05     1.30E-04     1.80E-O4    2.44E-04    2.80E-04 

5 

1.63E-05    2.17E-05 

3.39E-05     5.42E-05     8.25E-05     1.24E-04     1.64E-04 

8 

2.82E-06    3.96E-06 

6.50E-06     1.20E-05    2.07E-05     3.58E-05     5.29E-05 

10 

6.50E-07     1.06E-06 

1.92E-06    3.86E-06    7.42E-06     1.40E-05    2.14E-05 

20 

8.62E-12    4.80E-11 

4.10E-10    3.50E-09    2.01E-08    6.11E-08     1.13E-07 

50 

0                0 

0                 0                 0                 0    4.19E-19 

LNth  Tissi 

les  (Males,  25-34  years, 

Sitting) 

Diameter 

5%           10% 

25%            50%            75%            90%            95% 

0.1 

9.28E-05     1.50E-04 

3.39E-04    7.30E-04     1.28E-03     1.83E-03     2.44E-03 

0.2 

5.30E-05     8.57E-05 

1.94E-04    4.16E-04    7.34E-04     1.07E-O3     1.40E-03 

0.5 

3.31E-05    5.40E-05 

1.37E-04    2.90E-04    5.07E-04     7.81E-04     1.02E-03 

0.8 

3.93E-05    6.74E-05 

1.75E-04     3.73E-04    6.75E-04     1.02E-03     1.32E-03 

1 

4.72E-05    8.21E-05 

2.11E-04    4.49E-04     8.02E-04     1.22E-03     1.58E-03 

2 

7.61E-05     1.29E-04 

3.32E-04    6.97E-04     1.23E-03     1.89E-03    2.37E-03 

5 

4.78E-05     8.00E-05 

1.82E-04     3.89E-04    7.50E-04     1.18E-03     1.64E-03 

8 

2.25E-05     3.50E-05 

7.55E-05     1.54E-04     3.08E-04     5.58E-04     7.75E-04 

10 

1.36E-05    2.04E-05 

4.39E-05    8.87E-05     1.78E-04    3.42E-04    4.91E-04 

20 

1.90E-06    3.09E-06 

6.38E-06     1.31E-05    2.77E-05    5.38E-05    8.91E-05 

50 

1.72E-07    2.91E-07 

6.07E-07     1.23E-06    2.62E-06    4.88E-06    7  74F-06 

Lung,  Com 

bined  (Males,  25-34  years.  Sitting) 

Diameter 

5%           10% 

25%            50%            75%            90%            95% 

0.1 

4.15E-05    4.93E-05 

7.02E-05    9.56E-05     1.29E-04     1.71E-04    2.03E-04 

0.2 

2.42E-05    2.91E-05 

4.05E-05    5.55E-05    7.51E-05    9.85E-05     1.18E-04 

0.5 

1.47E-05     1.85E-05 

2.52E-05     3.62E-05    4.89E-05    6.48E-05     7.51E-05 

0.8 

1.65E-05    2.10E-05 

3.01E-05    4.40E-05     5.99E-05     7.97E-05     9.92E-05 

1 

2.01E-05    2.48E-05 

3.59E-05     5.17E-05     7.16E-05     i 

).63E-05     1.19E-04 

2 

3.56E-05    4.34E-05 

6.16E-05    8.81E-05     1.23E-04     ] 

1.66E-04     1.95E-04 

5 

8.48E-06     1.14E-05 

1.77E-05     3.02E-05    4.89E-05     " 

'.53E-05     9.90E-O5 

8 

1.93E-06    2.83E-06 

4.55E-06    8.23E-06     1.46E-05    j 

!.66E-05     3.85E-05 

10 

8.44E-07     1.23E-06 

2.14E-06    3.88E-06    7.53E-06     1 

.47E-05    2.18E-05 

20 

4.09E-08    6.42E-08 

1.51E-07    3.66E-07    9.73E-07    I 

..40E-06    4.05E-O6 

50 

3.20E-09    5.36E-09 

1.30E-08    3.48E-08    9.12E-08    1 

.34E-07    3.65E-07 
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BB  Secretory  Cells  (Males,  25-34  years,  Light  Exertion) 


Diameter 


0.1 

0.2 

0.5 

0.8 

1 

2 

5 

8 

10 

20 

50 


10% 


25% 


50% 


75% 


90% 


1.73E-05 
1.08E-05 
9.10E-06 
1.48E-05 
2.08E-05 
4.84E-05 
4.28E-06 
1.47E-06 
9.51E-07 
1.54E-07 
1.49E-08 


2.33E-05 
1.45E-05 
1.17E-05 
1.98E-05 
2.84E-05 
6.89E-05 
6.60E-O6 
2.09E-06 
1.38E-06 
2.28E-07 
2.18E-08 


95% 


3.42E-05 

5.49E-05 

8.79E-05 

1.27E-04 

1.71E-04 

2.14E-05 

3.44E-05 

5.52E-05 

8.02E-05 

1.08E-04 

1.94E-05 

3.19E-05 

5.55E-05 

1.03E-04 

1.39E-04 

3.45E-05 

6.39E-05 

1.17E-04 

2.30E-O4 

3.33E-04 

4.93E-05 

9.21E-05 

1.70E-04 

3.41E-04 

4.99E-04 

1.17E-04 

2.21E-04 

4.30E-O4 

8.69E-04 

1.22E-03 

1.66E-05 

3.95E-05 

1.01E-04 

2.45E-04 

4.06E-04 

4.39E-06 

1.17E-05 

3.53E-05 

9.22E-05 

1.76E-04 

2.85E-06 

7.47E-06 

2.31E-05 

6.01E-05 

1.18E-04 

4.88E-07 

1.23E-06 

3.81E-06 

1.03E-05 

1.90E-05 

4.66E-08 

1.17E-07 

3.41E-07 

9.42E-07 

1.46E-06 

BB  Basal  Cells  (Males,  25-34  years,  Light  Exertion) 


Diameter 


0.1 
0.2 
0.5 
0.8 

1 
2 
5 
8 
10 
20 


5% 


10% 


25% 


50% 


75% 


90% 


1.35E-06 
8.65E-07 
7.08E-07 
1.32E-06 
1.86E-06 
4.43E-06 
3.34E-06 
1.81E-06 
1.18E-06 
1.88E-07 
1.83E-08 


2.04E-06 
1.32E-06 
1.09E-06 
2.08E-06 
3.06E-06 
7.64E-06 
5.01E-06 
2.49E-06 
1.64E-06 
2.90E-07 
2.82E-08 


4.63E-06 
2.96E-06 
2.89E-06 
6.22E-06 
9.14E-06 
2.26E-05 
1.01E-05 
4.67E-06 
3.27E-06 
5.58E-07 
5.40E-08 


95% 


1.99E-05 
1.26E-05 
1.16E-05 
2.37E-05 
3.43E-05 
8.47E-05 
2.64E-05 
1.12E-05 
7.42E-06 
1.29E-06 
1.24E-07 


5.99E-05 
3.72E-05 
3.61E-05 
6.62E-05 
9.57E-05 
2.39E-04 
7.19E-05 
3.07E-05 
2.07E-05 
3.47E-06 
3.21E-07 


1.07E-O4 
6.74E-05 
7.68E-05 
1.65E-04 
2.44E-04 
6.06E-04 
1.76E-04 
8.19E-05 
5.42E-05 
9.00E-06 
8.17E-07 


1.58E-04 
9.91E-05 
1.13E-04 
2.66E-04 
3.98E-04 
9.92E-04 
2.88E-04 
1.42E-04 
9.55E-05 
1.59E-05 
1.24E-06 


bb  Secretory  Cells  (Males,  25-34  years,  Light  Exertion) 


Diameter 


0.1 
0.2 
0.5 
0.8 

1 

2 

5 

8 

10 

20 

50 


5% 


10% 


25% 


50% 


75% 


8.49E-05 
4.87E-05 
2.58E-05 
2.32E-05 
2.48E-05 
3.19E-05 
2.63E-06 
1.61E-07 
1.62E-08 
0 
0 


1.06E-04 
5.99E-05 
3.12E-05 
2.88E-05 
3.11E-05 
4.03E-05 
3.88E-06 
3.49E-07 
4.67E-08 
0 
0 


90% 


95% 


1.44E-04 
8.13E-05 
4.26E-05 
3.87E-05 
4.22E-05 
6.12E-05 
6.90E-06 
7.54E-07 
1.54E-07 
1.90E-13 
0 


2.06E-04 
1.16E-04 
6.09E-05 
5.68E-05 
6.23E-05 
9.88E-05 
1.39E-05 
1.96E-06 
5.12E-07 
3.52E-11 
0 


3.01E-04 
1.71E-04 
8.84E-05 
7.99E-05 
8.89E-05 
1.58E-04 
2.95E-05 
4.45E-06 
1.42E-06 
1.06E-09 
0 


4.22E-04 
2.41E-04 
1.21E-04 
1.07E-04 
1.20E-04 
2.46E-04 
6.43E-05 
1.21E-05 
4.49E-06 
1.06E-08 
0 


5.15E-04 
2.94E-04 
1.47E-04 
1.26E-04 
1.43E-04 
3.23E-04 
1.09E-04 
2.22E-05 
7.24E-06 
2.49E-08 
0 
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AI  Tissues  (Males,  25-3 


Diameter 

5% 

10% 

25%            50% 

75%            90%            95% 

0.1 

1.21E-04 

1.50E-04 

2.03E-04    2.98E-04 

4.35E-04     5.76E-04    6.61E-04 

0.2 

6.69E-05 

8.17E-05 

1.14E-04     1.66E-04 

2.41E-04    3.24E-04     3.76E-04 

0.5 

4.80E-05 

6.01E-05 

8.26E-05     1.22E-04 

1.71E-04    2.35E-04    2.78E-04 

0.8 

6.11E-05 

7.77E-05 

1.10E-04     1.57E-04 

2.25E-04    3.11E-04    3.72E-04 

1 

6.82E-05 

8.93E-05 

1.26E-04     1.79E-04 

2.57E-04    3.65E-04    4.30E-04 

2 

6.83E-05 

8.68E-05 

1.31E-04     1.98E-04 

2.96E-04    4.29E-04    5.67E-04 

5 

9.61E-06 

1.40E-05 

2.37E-05    4.36E-05 

8.32E-05     1.74E-04    2.51E-04 

8 

3.80E-07 

7.34E-07 

1.90E-O6    4.79E-06 

1.10E-05    2.68E-05    4.56E-05 

10 

1.78E-08 

4.50E-08 

2.01E-07    7.39E-07 

2.27E-06    6.15E-06     1.15E-05 

20 

0 

0 

9.81E-17    3.64E-13 

3.55E-11    7.39E-10    2.81E-09 

50 

0 

0 

0                0 

0                0                0 

LNth  Tissi 

les  (Males,  25-34  years, 

Light  Exertion) 

Diameter 

5% 

10% 

25%           50% 

75%            90%            95% 

0.1 

1.78E-04 

2.92E-04 

7.06E-04     1.58E-03 

2.80E-O3     4.32E-03     5.60E-03 

0.2 

9.84E-05 

1.63E-04 

3.97E-04    8.82E-04 

1.57E-03    2.44E-03    3.18E-03 

0.5 

6.94E-05 

1.11E-04 

2.87E-04    6.10E-04 

1.10E-03     1.79E-03    2.25E-03 

0.8 

8.62E-05 

1.37E-04 

3.69E-04     7.56E-04 

1.43E-03     2.22E-03     3.00E-03 

1 

9.99E-05 

1.65E-04 

4.30E-04    8.92E-04 

1.69E-03    2.55E-03    3.54E-03 

2 

1.34E-04 

2.26E-04 

5.42E-04     1.15E-03 

2.18E-03     3.50E-03     4.93E-03 

5 

6.18E-05 

9.35E-05 

2.17E-04    4.61E-04 

9.60E-04    2.18E-03    4.11E-03 

8 

2.19E-05 

3.54E-05 

7.73E-05     1.63E-04 

3.52E-04    9.81E-04    2.07E-03 

10 

1.21E-05 

1.99E-05 

4.23E-05    8.94E-05 

2.00E-04    5.83E-04     1.30E-03 

20 

1.62E-06 

2.76E-06 

5.93E-06     1.27E-05 

2.82E-05    8.67E-05     1.72E-04 

50 

1.58E-07 

2.64E-07 

5.72E-07     1.22E-06 

2.65E-06    6.83E-06     1.28E-05 

Lung,  Com 

bined  (Males,  25-34  years,  Light  Exertion) 

Diameter 

5% 

10% 

25%            50% 

75%            90%            95% 

0.1 

7.56E-05 

9.55E-05 

1.35E-04     1.90E-04 

2.69E-04     3.66E-04    4.37E-04 

0.2 

4.34E-05 

5.38E-05 

7.70E-05     1.08E-04 

1.52E-04    2.06E-04    2.46E-04 

0.5 

2.71E-05 

3.53E-05 

5.06E-05     7.38E-05 

1.04E-04     1.45E-04     1.73E-04 

0.8 

3.30E-05 

4.38E-05 

6.28E-05    9.29E-05 

1.37E-04     1.97E-04    2.41E-04 

1 

3.96E-05 

5.22E-05 

7.49E-05     1.11E-04 

1.65E-04    2.42E-04     3.03E-O4 

2 

5.78E-05 

7.22E-05 

1.10E-04     1.68E-04 

2.62E-04    4.28E-04    6.25E-04 

5 

7.71E-06 

1.08E-05 

1.83E-05     3.44E-05 

6.64E-05     1.45E-04     2.62E-04 

8 

1.17E-06 

1.80E-06 

3.35E-06    6.77E-06 

1.64E-05     4.09E-05     7.96E-05 

10 

4.08E-07 

6.48E-07 

1.37E-06     3.16E-06 

8.14E-06     2.33E-05     4.49E-05 

20 

3.21E-08 

5.18E-08 

1.31E-07    3.75E-07 

1.08E-O6     3.26E-06    6.26E-06 

50 

2.96E-09 

4.85E-09 

1.26E-08    3.53E-08 

1.00E-07    2.69E-07    5.05E-07 

Table  E-l —cont'd 


372 


Exertion) 


Diameter 

5% 

10% 

25% 

50%            75%            90%            95% 

0.1 

2.75E-05 

3.62E-05 

5.32E-05 

8.35E-05     1.31E-04     1.92E-04    2.56E-04 

0.2 

1.87E-05 

2.35E-05 

3.54E-05 

5.56E-05     9.06E-05     1.31E-04     1.75E-04 

O.f 

3.26E-05 

4.23E-05 

7.40E-05 

1.33E-04    2.37E-04    4.63E-04    6.37E-04 

0.8 

7.84E-05 

1.04E-04 

1.86E-04 

3.46E-04    6.28E-04     1.26E-03     1.71E-03 

1 

1.21E-04 

1.59E-04 

2.91E-04 

5.43E-04    9.82E-04     1.96E-03    2.64E-03 

2 

3.18E-04 

4.84E-04 

9.05E-04 

1.77E-03     3.23E-03     6.38E-03     8.67E-03 

5 

4.18E-05 

7.68E-05 

2.04E-04 

5.75E-04     1.25E-03    2.40E-03    3.58E-03 

8 

1.13E-05 

2.36E-05 

6.19E-05 

1.59E-04    3.85E-04    8.42E-04     1.23E-03 

10 

6.23E-06 

1.39E-05 

3.67E-05 

9.01E-O5    2.21E-04    4.92E-04    7.31E-04 

20 

8.37E-07 

1.77E-06 

4.64E-06 

1.18E-05    2.90E-05    6.48E-05     1.02E-04 

50 

|  6.64E-08 

1.23E-07 

3.13E-07 

8.15E-07     1.96E-06    4.46E-06    7.10E-06 

BB  Basal  Cells  (Males,  25-34  years,  Heavy  Exertion) 

Diameter 

5% 

10% 

25% 

50%            75%            90%            95% 

0.1 

1.96E-06 

3.00E-06 

6.85E-06 

3.03E-05     8.99E-05     1.66E-04    2.33E-04 

0.2 

1.34E-06 

2.09E-06 

4.72E-06 

2.03E-05    6.12E-05     1.11E-04     1.53E-04 

0.5 

2.89E-06 

4.53E-06 

1.29E-05 

5.02E-05     1.44E-04     3.46E-04    5.10E-04 

0.8 

7.43E-06 

1.17E-05 

3.37E-05 

1.32E-04    3.74E-04    9.10E-04     1.37E-03 

1 

1.12E-05 

1.84E-05 

5.24E-05 

2.02E-04    5.83E-04     1.40E-03     2.14E-03 

2 

3.33E-05 

5.93E-05 

1.73E-04 

6.12E-04     1.89E-03     4.47E-03     7.22E-03 

5 

2.74E-05 

6.17E-05 

1.53E-04 

3.65E-04    8.00E-04     1.91E-03    2.85E-03 

8 

1.12E-05 

2.96E-05 

6.92E-05 

1.54E-04     3.34E-04    7.09E-04     1.02E-03 

10 

6.74E-06 

1.84E-05 

4.04E-05 

9.30E-05     1.96E-04    4.15E-04    6.38E-04 

20 

9.47E-07 

2.21E-06 

5.33E-06 

1.21E-05    2.63E-05     5.71E-05     8.57E-05 

50 

7.69E-08 

1.52E-07 

3.63E-07 

8.36E-07     1.80E-06     3.92E-06     5.98E-06 

bb  Secretor 

y  Cells  (Males,  25-34  years,  Heavy  Exertion) 

Diameter 

5% 

10% 

25% 

50%            75%            90%            95% 

0.1 

1.47E-04 

1.81E-04 

2.42E-04 

3.39E-04    4.87E-04    6.73E-04    8.12E-04 

0.2 

8.30E-05 

1.00E-04 

1.35E-04 

1.89E-04    2.73E-04    3.76E-04    4.55E-04 

0.5 

4.42E-05 

5.36E-05 

7.13E-05 

1.00E-04     1.45E-04     1.94E-04    2.34E-04 

0.8 

4.28E-05 

5.20E-05 

7.13E-05 

1.00E-04     1.41E-04     1.88E-04    2.25E-04 

1 

5.00E-05 

6.00E-05 

8.35E-05 

1.21E-04     1.72E-04     2.34E-04    2.85E-04 

2 

9.37E-05 

1.28E-04 

1.96E-04 

3.26E-04    5.04E-04    7.66E-04    9.69E-04 

5 

7.36E-06 

1.33E-05 

3.23E-05 

7.16E-05     1.38E-04    2.45E-04     3.75E-04 

8 

3.71E-08 

1.57E-07 

7.88E-07 

3.66E-06     1.12E-05     2.63E-05    4.65E-05 

10 

1.45E-10 

1.92E-09 

3.06E-08 

3.17E-07     1.56E-06     5.30E-O6    9.73E-06 

20 

0 

0 

0 

0     1.30E-13    3.32E-11     2.50E-10 

50 

0 

0 

0 

oooo 
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AI  Tissues  (Males,  25- 


Diameter 

5% 

10% 

25% 

50%            75%            90%            95% 

0.] 

2.82E-04 

3.41E-04 

4.43E-04 

6.20E-04    8.25E-04     1.04E-03     1.21E-03 

0.2 

1.55E-04 

1.86E-04 

2.42E-04 

3.38E-04    4.49E-04    5.74E-04    6.69E-04 

0.5 

1.09E-04 

1.34E-04 

1.79E-04 

2.45E-04     3.31E-04    4.19E-04    4.92E-04 

0.8 

1.40E-04 

1.71E-04 

2.39E-04 

3.28E-04    4.55E-04    5.84E-04    6.96E-04 

1 

1.59E-04 

1.99E-04 

2.84E-04 

3.90E-04    5.46E-04    7.08E-04    8.37E-04 

2 

1.80E-04 

2.54E-04 

3.97E-04 

5.67E-04    7.90E-04     1.06E-03     1.21E-03 

5 

1.85E-05 

3.08E-05 

7.73E-05 

1.56E-04    2.66E-04    3.99E-04    4.74E-04 

8 

2.27E-08 

1.10E-07 

6.52E-07 

3.77E-06     1.35E-05    2.98E-05    4.85E-05 

10 

1.42E-11 

1.94E-10 

4.87E-09 

9.76E-08    7.59E-07    2.70E-06     5.44E-06 

20 

0 

0 

0 

0                0    4.95E-15     1.67E-13 

50 

0 

0 

0 

0                 0                 0                 0 

LNth  Tissues  (Males,  25-34  years,  Heavy  Exertion) 

Diameter 

5% 

10% 

25% 

50%            75%            90%            95% 

0.1 

3.55E-04 

5.68E-04 

1.38E-03 

3.09E-03     5.49E-03     7.80E-03     1.02E-02 

0.2 

1.97E-04 

3.15E-04 

7.60E-04 

1.71E-03    3.07E-03    4.29E-03    5.64E-03 

0.5 

1.50E-04 

2.48E-04 

6.04E-04 

1.27E-03    2.29E-03    3.36E-03    4.15E-03 

0.8 

2.18E-04 

3.55E-04 

8.49E-04 

1.84E-03     3.32E-03     4.94E-03     6.30E-03 

1 

2.82E-04 

4.48E-04 

1.07E-03 

2.31E-03    4.20E-03    6.23E-03    7.83E-03 

2 

5.52E-04 

9.38E-04 

2.03E-O3 

4.25E-03    8.03E-03     1.22E-02     1.46E-02 

5 

3.65E-04 

7.45E-04 

1.84E-03 

4.05E-03     7.28E-03     1.18E-02     1.46E-02 

8 

1.40E-04 

3.06E-04 

7.98E-04 

1.73E-03     3.31E-03     5.75E-03     7.06E-03 

10 

7.54E-05 

1.65E-04 

4.43E-04 

1.00E-03     1.98E-03    3.44E-03    4.32E-03 

20 

1.00E-05 

2.12E-05 

5.30E-05 

1.23E-04    2.58E-04    4.58E-04    6.12E-04 

50 

7.67E-07 

1.48E-06 

3.67E-06 

8.42E-06     1.78E-05    3.13E-05    4.21E-05 

Lung,  Com 

bined  (Males,  25-34  years,  Heavy  Exertion) 

Diameter 

5% 

10% 

25% 

50%            75%            90%            95% 

0.1 

1.38E-04 

1.71E-04 

2.50E-04 

3.52E-04    4.82E-04    6.51E-04    7.49E-04 

0.2 

8.10E-05 

9.95E-05 

1.42E-04 

1.98E-04    2.69E-04    3.64E-04    4.22E-04 

0.5 

6.40E-05 

8.05E-05 

1.13E-04 

1.63E-04    2.24E-04    3.21E-04    3.81E-04 

0.8 

8.81E-05 

1.08E-04 

1.66E-04 

2.41E-04    3.65E-04    5.58E-04    7.53E-04 

1 

1.13E-04 

1.38E-04 

2.13E-04 

3.19E-04    4.94E-04     7.93E-04     1.09E-03 

2 

1.97E-04 

2.88E-04 

4.46E-04 

7.22E-04     1.17E-03     2.24E-03     3.15E-03 

5 

2.88E-05 

6.36E-05 

1.30E-04 

2.43E-04    4.33E-04    8.69E-04     1.32E-03 

8 

4.48E-06 

7.86E-06 

2.23E-05 

5.05E-O5     1.24E-04    2.72E-04    4.18E-04 

10 

1.85E-06 

3.30E-06 

1.05E-05 

2.64E-05    6.81E-05     1.56E-04    2.37E-04 

20 

1.97E-07 

3.73E-07 

1.20E-06 

3.27E-06    8.77E-06    2.01E-05    3.19E-05 

50 

1.35E-08 

2.84E-08 

8.30E-08 

2.27E-07    5.90E-07     1.38E-06    2.18E-06 
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Table  E-2.  Various  fractiles  (versus  particle  diameter  in  urn)  for  the  equivalent  dose  per 
activity  exposure,  H/Ag  (units:  Sv  per  Bq-hr/m3),  for  several  population  groups  (specified 
by  age  and  gender)  exposed  to  ^uOj-laden  aerosols  at  the  light  exertion  level  only. 


BB  Secretory  Cells  (2  years,  Light  Exertion) 


Diameter 

5% 

10%            25%            50%            75%            90%            95% 

0.1 

2.47E-05 

3.18E-05    4.78E-05    7.75E-05     1.24E-04     1.87E-04    2.47E-04 

0.2 

1.52E-05 

1.96E-05    2.98E-05    4.78E-05    7.75E-05     1.16E-04     1.54E-04 

0.5 

1.33E-05 

1.74E-05    2.97E-05    5.02E-05    9.03E-05     1.73E-04    2.52E-04 

0.8 

2.32E-05 

3.18E-05    5.53E-05     1.07E-04    2.07E-04    4.22E-04    6.31E-04 

1 

3.16E-05 

4.46E-05     7.86E-05     1.56E-04     3.10E-04    6.37E-04     9.56E-04 

2 

6.11E-05 

9.49E-05     1.79E-04    4.11E-04    9.28E-04     1.97E-03     2.95E-03 

5 

3.97E-06 

8.55E-06    2.45E-05     9.92E-05    2.87E-04    6.49E-04     1.11E-03 

8 

9.36E-07 

1.86E-06    6.24E-06    2.48E-05    8.21E-05     1.90E-04    3.07E-04 

10 

5.87E-07 

1.05E-06    3.63E-06     1.39E-05    4.52E-05     1.16E-04     1.80E-04 

20 

8.53E-08 

1.46E-07    5.08E-07     1.74E-06    5.51E-06     1.52E-05     2.33E-05 

50 

7.59E-09 

1.34E-08    3.92E-08     1.27E-07    3.87E-07     1.03E-06     1 59E-06I 

BB  Basal  ( 

-ells  (2  years,  Light  Exertion) 

Diameter 

5% 

10%            25%            50%            75%            90%            95% 

0.1 

1.97E-06 

3.00E-06    6.86E-06    2.89E-05     8.26E-05     1.54E-04    2.29E-04 

0.2 

1.25E-06 

1.89E-06    4.35E-06     1.78E-05    5.10E-05     9.60E-05     1.38E-04 

0.5 

1.16E-06 

1.75E-06    4.97E-06     1.94E-05    5.87E-05     1.29E-04     1.91E-04 

0.8 

2.12E-06 

3.51E-06     1.07E-05    4.01E-05     1.20E-04    3.04E-04    4.52E-04 

1 

3.11E-06 

5.18E-06     1.55E-05     5.75E-05     1.80E-04    4.53E-04    6.95E-04 

2 

6.32E-06 

1.17E-05     3.90E-05     1.39E-04    4.77E-04     1.35E-03     2.28E-03 

5 

2.89E-06 

4.78E-06     1.69E-05    6.75E-05     1.88E-04    4.43E-04    7.77E-04 

8 

1.20E-06 

1.94E-06     7.00E-06     2.56E-05     7.16E-05     1.68E-04     2.61E-04 

10 

7.19E-07 

1.16E-06    4.12E-06     1.49E-05    4.20E-05     9.53E-05     1.56E-04 

20 

1.04E-07 

1.68E-07    5.37E-07     1.87E-06     5.20E-06     1.23E-05     1.95E-05 

50 

9.71E-09 

1.62E-08    4.54E-08     1.34E-07    3.65E-07    8.41E-07     1  33E-06 

bb  Secretor 

v  Cells  (2  years,  Light  Exertion) 

Diameter 

5% 

10%           25%           50%           75%           90%           95% 

0.1 

4.38E-05 

5.52E-05    7.75E-05     1.12E-04     1.66E-04    2.31E-04    2.78E-04 

0.2 

2.39E-05 

3.06E-05    4.20E-05    6.09E-05    9.03E-05     1.26E-04     1.52E-04 

0.5 

1.16E-05 

1.46E-05    2.02E-05    2.98E-05    4.51E-05    6.15E-05    7.53E-05 

0.8 

9.42E-06 

1.12E-05     1.64E-05    2.53E-05    3.77E-05    5.45E-05    6.59E-05 

1 

9.01E-06 

1.13E-05     1.69E-05    2.68E-05    4.16E-05     6.29E-05     7.51E-05 

2 

9.00E-06 

1.49E-05    2.85E-05     5.47E-05     1.05E-04     1.70E-04    2.19E-04 

5 

5.60E-07 

1.00E-06    3.09E-06     1.02E-05     2.76E-05     5.25E-05     8.01E-05 

8 

8.12E-09 

2.29E-08     1.26E-07    5.92E-07    2.08E-06     5.77E-06    9.61E-06 

10 

8.87E-11 

6.33E-10     7.85E-09    6.38E-08     3.27E-07     1.25E-06    2.44E-06 

20 

0 

0                 0                 0    8.60E-13     6.40E-11     3.41E-10 

50 1 

0 

oooooo 
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AI  Tissues  (2  years,  Light  Exertion) 

Diameter 

5%           10%           25%           50% 

75%            90%            tf% 

0.1 

1.18E-04     1.49E-04    2.08E-04    2.96E-04 

4.36E-04    5.80E-04    6.72E-04 

0.2 

6.48E-05     7.95E-05     1.11E-04     1.58E-04 

2.30E-04     3.12E-04    3.58E-04 

0.5 

4.20E-05     5.32E-05     7.55E-05     1.09E-O4 

1.56E-04    2.12E-04    2.52E-04 

0.8 

4.95E-05    6.37E-05    9.18E-05     1.36E-04 

2.04E-04    2.77E-04     3.36E-04 

1 

5.15E-05    6.95E-05     1.02E-04     1.56E-04 

2.41E-04     3.36E-04    4.01E-04 

2 

3.54E-05     5.36E-05     1.02E-04    2.11E-04 

3.55E-04    5.15E-04    6.34E-04 

5 

3.61E-06    5.83E-06     1.56E-05     5.57E-05 

1.24E-04    2.23E-04    2.88E-04 

8 

1.73E-08    5.33E-08     3.08E-07     1.66E-06 

7.87E-06    2.08E-05     3.53E-05 

10 

4.96E-11     3.02E-10    4.95E-09    7.23E-08 

6.83E-07    2.59E-06    5.31E-06 

20 

0                 0                 0                 0 

2.34E-16    3.14E-13     5.48E-12 

50 

0                 0                 0                 0 

0                 0                 0 

LNth  Tissues  (2  vears.  Light  Exertion) 

Diameter 

5%            10%            25%            50% 

75%            90%            95% 

0.1 

2.79E-04    4.28E-04     1.01E-03     2.32E-03 

4.50E-03     7.05E-03     9.15E-03 

0.2 

1.54E-04    2.36E-04     5.55E-04     1.27E-03 

2.44E-03     3.82E-03     5.00E-03 

0.5 

1.03E-04     1.52E-04     3.74E-04     8.52E-04 

1.63E-03    2.65E-03    3.47E-03 

0.8 

1.15E-04    2.03E-04    4.66E-04     1.04E-03 

2.13E-03    3.61E-03    4.75E-03 

1 

1.35E-04    2.41E-04     5.71E-04     1.28E-03 

2.56E-03     4.53E-03     5.99E-03 

2 

2.05E-04    3.53E-04     8.24E-04    2.23E-03 

5.01E-03     9.80E-03     1.30E-02 

5 

9.22E-05     1.69E-04     5.35E-04     1.97E-03 

5.11E-03     1.02E-02     1.31E-02 

8 

3.00E-05     5.69E-05     1.99E-04    7.67E-04 

2.10E-O3     4.39E-03     5.75E-03 

10 

1.64E-05    3.06E-05     1.09E-04    4.16E-04 

1.15E-03    2.42E-03     3.31E-03 

20 

2.29E-06    4.25E-06     1.35E-05    5.01E-05 

1.38E-04    3.03E-04    4.26E-04 

50 

2.11E-07    3.90E-07     1.07E-06     3.60E-06 

9.72E-06    2.08E-05     2.88E-05 

Lung,  Combined  (2  years,  Light  Exertion) 

Diameter 

5%            10%            25%            50% 

75%            90%            95% 

0.1 

6.41E-05    8.19E-05     1.16E-04     1.65E-04 

2.36E-04    3.23E-04    3.78E-04 

0.2 

3.58E-05    4.59E-05     6.43E-05     9.15E-05 

1.30E-04     1.76E-04    2.06E-04 

0.5 

2.23E-05     2.85E-05    4.25E-05     6.40E-05 

9.33E-05     1.39E-04     1.63E-04 

0.8 

2.65E-05     3.40E-05     5.36E-05     8.64E-05 

1.36E-04    2.24E-04    2.94E-04 

1 

3.02E-05    4.O0E-O5     6.37E-05     1.04E-04 

1.78E-04     3.05E-04    4.10E-04 

2 

3.23E-05     5.07E-05     9.57E-05    2.00E-04 

3.89E-04    7.56E-04     1.03E-03 

5 

3.38E-06    6.23E-06     1.74E-05    6.19E-05 

1.48E-04     2.60E-O4     3.81E-04 

8 

4.29E-07    8.19E-07    2.90E-06     1.17E-05 

3.13E-05     6.89E-05     1.15E-04 

10 

1.82E-07    3.51E-07     1.27E-06    5.05E-06 

1.55E-05    3.68E-05    6.56E-05 

20 

2.21E-08    3.88E-08     1.54E-07    5.89E-07 

1.80E-06    4.56E-06    7.96E-06 

50 

2.10E-09    3.58E-09     1.23E-08    4.16E-08 

1.23E-07     3.19E-07    5.38E-07 
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BB  Secretory  Cells  (5  years,  Light  Exertion) 

Diameter 

5% 

10% 

25% 

50% 

75% 

90% 

95% 

0.1 

1.93E-05 

2.49E-05 

3.79E-05 

6.13E-05 

9.77E-05 

1.45E-04 

1.90E-04 

0.2 

1.19E-05 

1.55E-05 

2.34E-05 

3.77E-05 

6.04E-05 

8.91E-05 

1.18E-04 

0.5 

1.06E-05 

1.35E-05 

2.34E-05 

3.96E-05 

6.94E-05 

1.29E-04 

1.84E-04 

0.8 

1.84E-05 

2.37E-05 

4.35E-05 

8.10E-05 

1.57E-04 

2.95E-04 

4.51E-04 

1 

2.58E-05 

3.43E-05 

6.16E-05 

1.21E-04 

2.37E-04 

4.42E-04 

7.04E-04 

2 

5.09E-05 

8.00E-05 

1.45E-04 

3.07E-04 

6.66E-04 

1.38E-03 

2.24E-03 

5 

3.46E-06 

6.97E-06 

1.88E-05 

6.68E-05 

2.24E-04 

5.42E-04 

9.27E-04 

8 

9.82E-07 

1.68E-06 

5.14E-06 

2.18E-05 

6.73E-05 

1.94E-04 

3.27E-04 

10 

5.55E-07 

9.90E-07 

3.17E-06 

1.26E-05 

4.12E-05 

1.12E-04 

2.06E-04 

20 

8.51E-08 

1.58E-07 

4.90E-07 

1.70E-06 

5.86E-06 

1.57E-05 

2.81E-05 

50 

8.36E-09 

1.50E-08 

4.17E-08 

1.34E-07 

4.27E-07 

1.09E-06 

1.93E-06 

BB  Basal  Cells  (5  years,  Light  Exertion) 

Diameter 

5% 

10% 

25% 

50% 

75% 

90% 

95% 

0.1 

1.53E-06 

2.32E-06 

5.33E-06 

2.24E-05 

6.49E-05 

1.21E-04 

1.80E-04 

0.2 

9.82E-07 

1.45E-06 

3.33E-06 

1.39E-05 

4.05E-05 

7.49E-05 

1.11E-04 

0.5 

8.96E-07 

1.37E-06 

3.82E-06 

1.48E-05 

4.44E-05 

9.49E-05 

1.49E-04 

0.8 

1.68E-06 

2.76E-06 

8.28E-06 

2.98E-05 

9.14E-05 

2.14E-04 

3.38E-04 

1 

2.36E-06 

4.01E-06 

1.17E-05 

4.30E-05 

1.33E-04 

3.23E-04 

5.11E-04 

2 

5.66E-06 

9.21E-06 

3.01E-05 

1.11E-04 

3.59E-04 

9.57E-04 

1.58E-03 

5 

2.78E-06 

4.42E-06 

1.29E-05 

4.82E-05 

1.51E-04 

3.64E-04 

6.89E-04 

8 

1.13E-06 

1.89E-06 

5.21E-06 

2.06E-05 

6.51E-05 

1.60E-04 

2.67E-04 

10 

7.44E-07 

1.21E-06 

3.31E-06 

1.28E-05 

4.09E-05 

1.05E-04 

1.67E-04 

20 

1.18E-07 

1.95E-07 

5.18E-07 

1.77E-06 

5.60E-06 

1.45E-05 

2.32E-05 

50 

1.11E-08 

1.84E-08 

4.72E-08 

1.38E-07 

4.04E-07 

1.04E-06 

1.64E-06 

bb  Secretory  Cells  (5  years,  Light  Exertion) 


Diameter 


0.1 

0.2 

0.5 

0.8 

1 

2 

5 

8 

10 

20 

50 


5% 


10% 


25% 


50% 


75% 


90% 


95% 


4.90E-05 
2.71E-05 
1.33E-05 
1.13E-05 
1.14E-05 
1.38E-05 
9.55E-07 
3.03E-08 
1.04E-09 
0 
0 


6.29E-05 
3.45E-05 
1.69E-05 
1.37E-05 
1.41E-05 
1.91E-05 
1.54E-06 
7.15E-08 
4.37E-09 
0 
0 


8.65E-05 
4.73E-05 
2.34E-05 
2.01E-05 
2.11E-05 
3.47E-05 
4.16E-06 
3.14E-07 
3.40E-08 
0 
0 


1.22E-04 
6.73E-05 
3.38E-05 
2.94E-05 
3.16E-05 
6.38E-05 
1.30E-05 
1.18E-06 
1.91E-07 
2.31E-13 
0 


1.82E-04 
9.95E-05 
5.02E-05 
4.41E-05 
4.88E-05 
1.17E-04 
3.82E-05 
4.06E-06 
8.47E-07 
2.90E-11 
0 


2.57E-04 
1.42E-04 
6.92E-05 
6.15E-05 
7.16E-05 
1.98E-04 
7.38E-05 
9.97E-06 
2.73E-06 
8.56E-10 
0 


3.03E-04 
1.68E-04 
8.29E-05 
7.30E-05 
8.40E-05 
2.56E-04 
1.04E-04 
1.73E-05 
5.95E-06 
3.03E-09 
0 


Table  E-2-cont'd 


377 


AI  Tissues  (5  years,  Light  Exertion) 

Diameter 

5% 

10%            25%            50% 

75%            90%            95% 

0.1 

1.30E-O4 

1.60E-04    2.18E-04    3.12E-04 

4.46E-04    5.89E-04    6.96E-04 

0.2 

6.98E-05 

8.69E-05     1.17E-04     1.66E-04 

2.38E-04     3.20E-04    3.75E-04 

0.5 

4.84E-05 

6.07E-05     8.24E-05     1.18E-04 

1.64E-04    2.25E-04    2.65E-04 

0.8 

5.81E-05 

7.40E-O5     1.02E-04     1.49E-04 

2.15E-04    3.01E-04    3.59E-04 

1 

6.19E-05 

8.05E-05     1.14E-04     1.71E-04 

2.56E-04     3.56E-04    4.33E-04 

2 

4.80E-O5 

6.54E-05     1.12E-04     2.14E-04 

3.68E-04    5.62E-04     7.07E-04 

5 

5.09E-06 

7.64E-06     1.82E-05    6.16E-05 

1.60E-04     2.91E-04    3.88E-04 

8 

6.21E-08 

1.62E-07    6.92E-07    2.81E-06 

1.36E-05    3.39E-05    5.90E-05 

10 

4.06E-10 

1.79E-09    2.15E-08    2.02E-07 

1.58E-06     5.36E-06     1.01E-05 

20 

0 

0                 0                 0 

2.53E-14    5.24E-12    5.46E-11 

50 

0 

0                 0                 0 

0                 0                 0 

LNth  Tissues  (5  vears, 

Light  Exertion) 

Diameter 

5% 

10%           25%           50% 

75%            90%            95% 

0.1 

2.52E-04 

3.89E-04     9.50E-04    2.22E-03 

4.32E-03     6.80E-03     8.97E-03 

0.2 

1.37E-04 

2.17E-04     5.18E-04     1.20E-03 

2.38E-03     3.70E-03     4.87E-03 

0.5 

8.86E-05 

1.46E-04     3.53E-04    8.08E-04 

1.59E-03    2.54E-03     3.43E-03 

0.8 

1.10E-04 

1.78E-04    4.48E-04     9.88E-04 

2.08E-03     3.38E-03     4.62E-03 

1 

1.27E-04 

2.14E-04    5.42E-04     1.16E-03 

2.44E-03    4.26E-03    5.71E-03 

2 

1.93E-04 

3.32E-04    7.72E-04     1.91E-03 

4.16E-03     8.73E-03     1.12E-02 

5 

7.89E-05 

1.47E-04     3.79E-04     1.26E-03 

4.30E-O3     9.64E-03     1.27E-02 

8 

3.00E-05 

4.94E-05     1.38E-04    5.10E-04 

1.93E-03    4.20E-03     5.95E-03 

10 

1.69E-05 

2.59E-05     7.64E-05     2.88E-04 

1.08E-03     2.46E-03     3.51E-03 

20 

2.24E-06 

3.78E-06     1.05E-05    3.73E-05 

1.36E-04    3.12E-04    4.65E-04 

50 

2.03E-07 

3.47E-07     9.49E-07    2.91E-06 

9.52E-06    2.10E-05    3.20E-05 

Lung,  Combined  (5  vears.  Light  Exertion) 

Diameter 

5% 

10%           25%            50% 

75%            90%            95% 

0.1 

6.31E-05 

8.37E-05     1.17E-04     1.68E-04 

2.39E-04     3.27E-04     3.91E-04 

0.2 

3.54E-05 

4.64E-05     6.57E-05     9.23E-05 

1.30E-04     1.80E-04    2.12E-04 

0.5 

2.27E-05 

2.96E-05    4.31E-05    6.53E-05 

9.44E-05     1.34E-04     1.62E-04 

0.8 

2.86E-05 

3.45E-05     5.44E-05     8.65E-05 

1.32E-04    2.10E-O4    2.55E-04 

1 

3.37E-05 

4.21E-05     6.59E-05     1.04E-04 

1.68E-04     2.69E-04     3.47E-04 

2 

4.01E-05 

5.60E-05     9.77E-05     1.85E-04 

3.38E-04    6.26E-04    8.33E-04 

5 

4.66E-06 

7.44E-06     1.62E-05     5.47E-05 

1.46E-04    2.85E-04     3.84E-04 

8 

5.91E-07 

9.44E-07    2.65E-06     1.05E-05 

3.14E-05     7.53E-05     1.25E-04 

10 

2.16E-07 

3.93E-07     1.16E-06    4.70E-06 

1.56E-05    4.08E-05    6.93E-05 

20 

2.22E-08 

4.54E-08     1.33E-07     5.11E-07 

1.81E-06    5.43E-06    9.27E-06 

50 

2.13E-09 

4.09E-09     1.25E-08     3.99E-08 

1.29E-07    3.74E-07    6.32E-07| 

Table  E-2-cont'd 


BB  Secretory  Cells  (10  years,  Light  Exertion) 


378 


Diameter 

5% 

10%            25% 

50% 

75% 

90% 

95% 

0.1 

1.68E-05 

2.20E-O5     3.34E-05 

5.31E-05 

8.56E-05 

1.26E-04 

1.66E-04 

0.2 

1.04E-05 

1.37E-05    2.07E-05 

3.31E-05 

5.33E-05 

7.83E-05 

1.04E-04 

0.5 

9.21E-06 

1.18E-05     1.98E-05 

3.37E-05 

5.94E-05 

1.13E-04 

1.56E-04 

0.8 

1.54E-05 

2.12E-05    3.70E-05 

6.93E-05 

1.32E-04 

2.58E-04 

3.81E-04 

1 

2.22E-05 

3.02E-05    5.40E-05 

1.00E-04 

1.91E-04 

3.71E-04 

5.75E-04 

2 

4.95E-05 

7.25E-05     1.22E-04 

2.39E-04 

5.13E-04 

1.04E-O3 

1.66E-03 

5 

3.75E-06 

6.08E-06     1.53E-05 

4.32E-05 

1.38E-04 

3.79E-04 

7.20E-04 

8 

1.19E-06 

1.71E-06    4.35E-06 

1.23E-05 

4.37E-05 

1.45E-04 

2.82E-04 

10 

7.33E-07 

1.10E-06    2.60E-06 

7.78E-06 

2.77E-05 

8.90E-05 

1.73E-04 

20 

1.14E-07 

1.77E-07    4.10E-07 

1.25E-06 

4.47E-06 

1.32E-05 

2.71E-05 

50 

1.10E-08 

1.71E-08     3.91E-08 

1.17E-07 

3.70E-07 

9.33E-07 

1.81E-06 

BB  Basal  ( 

"ells  (10  years,  Light  Exertion) 

Diameter 

5% 

10%           25% 

50% 

75% 

90% 

95% 

0.1 

1.34E-06 

2.03E-06    4.59E-06 

1.95E-05 

5.68E-05 

1.05E-04 

1.57E-04 

0.2 

8.33E-07 

1.26E-06    2.89E-06 

1.22E-05 

3.49E-05 

6.55E-05 

9.58E-05 

0.5 

7.59E-07 

1.18E-06    3.28E-06 

1.26E-05 

3.77E-05 

8.15E-05 

1.27E-04 

0.8 

1.44E-06 

2.35E-06    7.10E-06 

2.59E-05 

7.59E-05 

1.83E-04 

2.91E-04 

1 

2.02E-06 

3.41E-06     1.05E-05 

3.64E-05 

1.08E-04 

2.73E-04 

4.22E-04 

2 

4.50E-06 

8.13E-06     2.58E-05 

8.76E-05 

2.75E-04 

7.32E-04 

1.16E-03 

5 

3.00E-06 

4.71E-06     1.05E-05 

2.84E-05 

9.54E-05 

2.48E-04 

4.53E-04 

8 

1.40E-06 

2.07E-06    4.30E-O6 

1.20E-O5 

4.41E-05 

1.16E-04 

2.08E-04 

10 

9.56E-07 

1.33E-06    2.84E-06 

7.69E-06 

2.87E-05 

7.63E-05 

1.37E-04 

20 

1.51E-07 

2.16E-07    4.66E-07 

1.25E-06 

4.21E-06 

1.15E-05 

2.12E-05 

50 

1.45E-08 

2.08E-08    4.38E-08 

1.13E-07 

3.44E-07 

8.71E-07 

1.51E-06 

bb  Secretor 

y  Cells  (10  years,  Light  Exertion) 

Diameter 

5% 

10%           25% 

50% 

75% 

90% 

95% 

0.1 

5.97E-05 

7.62E-05     1.05E-04 

1.49E-04 

2.20E-04 

3.12E-04 

3.72E-04 

0.2 

3.29E-05 

4.21E-05    5.78E-05 

8.19E-05 

1.22E-04 

1.71E-04 

2.03E-04 

0.5 

1.66E-05 

2.14E-05     2.94E-05 

4.19E-05 

6.23E-05 

8.55E-05 

1.01E-04 

0.8 

1.45E-05 

1.81E-05    2.56E-05 

3.75E-05 

5.53E-05 

7.50E-05 

8.96E-05 

1 

1.52E-05 

1.89E-05     2.72E-05 

4.08E-O5 

6.25E-05 

8.68E-05 

1.06E-04 

2 

2.02E-05 

2.58E-05    4.42E-05 

7.58E-05 

1.34E-04 

2.20E-04 

2.87E-04 

5 

1.51E-06 

2.33E-06     5.02E-06 

1.23E-05 

3.25E-05 

8.29E-05 

1.18E-04 

8 

8.28E-08 

1.69E-07    4.40E-07 

1.42E-06 

4.51E-06 

1.23E-05 

2.18E-05 

10 

5.08E-O9 

1.62E-08    7.55E-08 

3.09E-07 

1.17E-06 

3.59E-06 

6.89E-06 

20 

0 

0                 0 

3.82E-12 

2.06E-10 

3.26E-09 

1.10E-08 

50 

0 

0                 0 

0 

0 

0 

0 

Table  E-2-cont'd 


379 


AI  Tissues  (10  years,  Light  Exertion) 

Diameter 

5%           10%           25%           50%           75%           90%           95% 

0.1 

1.49E-04     1.84E-04    2.50E-04    3.56E-04    5.22E-04    6.91E-04    8.12E-04 

0.2 

8.13E-05     9.92E-05     1.35E-04     1.93E-04    2.81E-04    3.73E-04    4.45E-04 

0.5 

5.60E-05    6.86E-05    9.43E-05     1.39E-04     1.95E-04    2.61E-04    3.13E-04 

0.8 

6.68E-05     8.73E-05     1.22E-04     1.77E-04    2.55E-04     3.61E-04    4.22E-04 

1 

7.41E-05     9.90E-05     1.39E-04    2.02E-04    2.96E-04    4.26E-04    4.94E-04 

2 

6.69E-05     8.85E-05     1.40E-04    2.25E-04     3.90E-04    6.09E-04     7.46E-04 

5 

8.98E-06     1.24E-05    2.42E-05     5.34E-05     1.45E-04    3.04E-04    4.51E-04 

8 

2.16E-07    4.28E-07     1.34E-06    4.30E-06     1.40E-05    4.36E-05    7.46E-05 

10 

3.52E-09     1.27E-08    7.45E-08    4.69E-07    2.15E-06    8.11E-06     1.51E-05 

20 

0                 0                 0    7.95E-16     1.15E-12     8.00E-11     5.98E-10 

50 

1                0                 0                 0                 0                 0                 0                 0 

LNth  Tissi 

les  (10  years,  Light  Exertion) 

Diameter 

5%            10%            25%            50%            75%            90%            95% 

0.1 

2.63E-04    4.19E-04     1.02E-03     2.49E-03     4.80E-03     7.70E-03     1.03E-02 

0.2 

1.44E-04    2.31E-04    5.64E-04     1.35E-03     2.62E-03     4.19E-03     5.52E-03 

0.5 

9.35E-05     1.53E-04    3.86E-04     8.90E-04     1.81E-03     2.89E-03     3.88E-03 

0.8 

1.15E-04     1.93E-04    4.90E-04     1.15E-03     2.31E-03     3.85E-03     5.08E-03 

1 

1.34E-04    2.26E-04    5.63E-04     1.33E-03    2.75E-03    4.44E-03    6.24E-03 

2 

2.05E-04    3.24E-04    8.19E-04     1.92E-03     3.93E-03     7.50E-03     1.11E-02 

5 

9.29E-05     1.67E-04     3.74E-04     1.04E-03     2.88E-03     7.95E-03     1.23E-02 

8 

3.41E-05     5.86E-05     1.36E-04     3.70E-04     1.21E-03     3.63E-03     6.29E-03 

10 

1.94E-05    3.14E-05    7.40E-05    2.05E-04    6.98E-04    2.12E-03     3.57E-03 

20 

2.41E-06    4.44E-06     1.04E-05     2.88E-05     9.32E-05    2.90E-04    4.64E-04 

50 

2.30E-07    4.25E-07    9.84E-07    2.62E-06    7.46E-06    2.03E-05    3  26E-05I 

Lung,  Com 

bined  (10  years,  Light  Exertion) 

Diameter 

5%            10%           25%            50%            75%            90%            95% 

0.1 

6.96E-05     9.50E-05     1.31E-04     1.91E-04    2.73E-04     3.80E-04    4.60E-04 

0.2 

3.88E-05    5.31E-05    7.32E-05     1.05E-04     1.51E-04    2.09E-04    2.53E-04 

0.5 

2.56E-05    3.28E-05    4.82E-05     7.33E-05     1.04E-04     1.49E-04     1.82E-04 

0.8 

3.07E-05    3.85E-05    6.05E-05     9.64E-05     1.45E-04     2.10E-04    2.67E-04 

1 

3.77E-05    4.64E-05     7.30E-05     1.14E-04     1.75E-04    2.66E-04    3.43E-04 

2 

5.10E-05     6.59E-05     1.06E-04     1.78E-04     3.03E-04     5.46E-04     7.44E-04 

5 

6.67E-06    9.78E-06     1.77E-05     3.84E-05     1.05E-04    2.48E-04    3.67E-04 

8 

9.31E-07     1.44E-06    3.01E-06    7.35E-06    2.36E-05    6.18E-05     1.06E-04 

10 

3.06E-07     5.29E-07     1.18E-06     3.38E-06     1.10E-05     3.10E-05     5.68E-05 

20 

2.88E-08    5.06E-08     1.23E-07    4.05E-07     1.40E-06    4.06E-06     7.94E-06 

50 

2.69E-09    4.88E-09     1.16E-08    3.67E-08     1.12E-07    3.03E-07    5  42E-07| 

Table  E-2-cont'd 


BB  Secretory  Cells  (Females,  15  years,  Light  Exertion) 


380 


Diameter 

5% 

10%           25%           50%           75%           90%           95% 

0.1 

1.55E-05 

2.07E-05     3.04E-05    4.86E-05     7.79E-05     1.15E-04     1.53E-04 

0.2 

9.65E-06 

1.27E-05     1.89E-05     3.04E-05    4.87E-05     7.20E-05     9.50E-0! 

0.5 

7.79E-06 

9.74E-06     1.61E-05     2.63E-05    4.56E-05     8.37E-05     1.15E-04 

0.8 

1.18E-05 

1.60E-05    2.73E-05    5.06E-05    9.33E-05     1.86E-04    2.65E-04 

1 

1.65E-05 

2.25E-05     3.91E-05    7.32E-05     1.37E-04    2.72E-04     3.99E-04 

2 

3.98E-05 

5.66E-05     9.54E-05     1.80E-04     3.51E-04    7.13E-04     9.86E-04 

5 

3.56E-06 

5.45E-06     1.38E-05     3.30E-O5    8.22E-05    2.00E-04    3.13E-04 

8 

1.25E-06 

1.75E-06    3.65E-06    9.74E-06    2.92E-05     7.43E-05     1.37E-04 

10 

7.96E-07 

1.17E-06    2.38E-06    6.33E-06    1.88E-05    4.78E-05    8.86E-05 

20 

1.33E-07 

2.00E-07    4.28E-07     1.05E-06    3.14E-06    8.45E-06     1.43E-05 

50 

1.29E-08 

1.91E-08    4.05E-08     1.01E-07    2.94E-07    7  71E-07     1  IfiF-T* 

BB  Basal  Cells  (Females,  15  years,  Light  Exertion) 

Diameter 

5% 

10%            25%            50%            75%            90%            95% 

0.1 

1.23E-06 

1.87E-06    4.23E-06     1.80E-05     5.20E-05     9.54E-05     1.44E-04 

0.2 

7.68E-07 

1.17E-06    2.64E-06     1.12E-05    3.22E-05    5.94E-05    8.90E-05 

0.5 

6.16E-07 

9.33E-07    2.43E-06    9.64E-06    3.00E-05    6.24E-05     9.40E-05 

0.8 

1.07E-06 

1.70E-06    5.04E-06     1.89E-05    5.36E-05     1.35E-04    2.14E-04 

1 

1.52E-06 

2.46E-06    7.46E-06    2.71E-05     7.73E-05     1.98E-04     3.19E-04 

2 

3.67E-06 

6.28E-06     1.86E-05    6.80E-05     1.91E-04    4.96E-04    8.25E-04 

5 

2.77E-06 

4.20E-06    8.59E-06    2.20E-05     5.85E-05     1.40E-04    2.36E-04 

8 

1.53E-06 

2.07E-06    3.91E-06    9.45E-06    2.50E-05    6.51E-05     1.05E-04 

10 

1.02E-06 

1.38E-06    2.75E-06    6.26E-06     1.69E-05    4.31E-05    6.89E-05 

20 

1.70E-07 

2.53E-07    4.84E-07     1.11E-06    2.89E-06    7.39E-06     1.23E-05 

50 

1.60E-08 

2.45E-08    4.66E-08     1.07E-07    2.68E-07    6.72E-07    9  84F.-07 

bb  Secretor 

y  Cells  (Females.  15  years,  Light  Exertion) 

Diameter 

5% 

10%           25%            50%            75%            90%            95% 

0.1 

6.59E-05 

8.21E-05     1.13E-04     1.62E-04    2.37E-04     3.37E-04    4.03E-04 

0.2 

3.68E-05 

4.58E-05    6.30E-05    8.98E-05     1.32E-04     1.87E-04    2.26E-04 

0.5 

1.87E-05 

2.35E-05    3.23E-05    4.66E-05    6.83E-05    9.42E-05     1.11E-04 

0.8 

1.70E-05 

2.10E-O5    2.83E-05    4.25E-05    6.09E-05     8.18E-05     9.79E-05 

1 

1.76E-05 

2.27E-05     3.12E-05    4.65E-05    6.84E-05     9.31E-05     1.10E-04 

2 

2.55E-05 

3.16E-05    4.74E-05     7.90E-05     1.27E-04    2.01E-04    2.63E-04 

5 

2.22E-06 

3.16E-06    5.97E-06     1.20E-05    2.55E-05     5.78E-05     9.40E-O5 

8 

1.75E-07 

3.48E-07    7.01E-07     1.76E-06    4.10E-06     1.03E-05     2.07E-O5 

10 

1.93E-08 

5.26E-08     1.58E-07    5.13E-07     1.28E-06    3.92E-06    6.89E-06 

20 

0 

0    4.96E-13     5.84E-11     1.29E-09     1.19E-08    2.88E-08 

50 

0 

oooooo 

Table  E-2-cont'd 
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Diameter 

5% 

10% 

25% 

50%            75%            90%            -5% 

0.1 

1.20E-04 

1.49E-04 

2.06E-04 

2.95E-04    4.35E-04    5.79E-04    6.81E-04 

0.2 

6.56E-05 

8.15E-05 

1.12E-04 

1.60E-04    2.37E-04    3.16E-04    3.81E-04 

0.5 

4.57E-05 

5.72E-05 

8.02E-05 

1.18E-04     1.69E-04    2.25E-04    2.68E-04 

0.8 

5.94E-05 

7.40E-O5 

1.05E-04 

1.54E-04    2.19E-04    3.06E-04    3.65E-04 

1 

6.73E-05 

8.74E-05 

1.22E-04 

1.78E-04    2.57E-04    3.62E-04    4.30E-04 

2 

7.05E-05 

8.92E-05 

1.33E-04 

2.01E-04    3.08E-04    4.51E-04     5.85E-04 

5 

1.15E-05 

1.66E-05 

2.79E-05 

5.21E-05     9.68E-05     1.94E-04    2.92E-04 

8 

5.37E-07 

1.01E-06 

2.60E-06 

6.16E-06     1.42E-05    3.12E-05    5.30E-05 

10 

3.24E-08 

6.77E-08 

2.77E-07 

1.01E-06    2.95E-06    7.89E-06     1.42E-05 

20 

0 

0 

2.09E-16 

4.79E-13    5.07E-11     1.14E-09    4.93E-09 

50 

0 

0 

0 

oooo 

LNth  Tissi 

les  (Females 

,  15  years,  Light  Exertion) 

Diameter 

5% 

10% 

25% 

50%            75%            90%            95% 

0.1 

2.13E-04 

3.40E-04 

8.32E-04 

2.04E-03    3.93E-03    6.37E-03    8.50E-O3 

0.2 

1.18E-04 

1.87E-04 

4.65E-04 

1.12E-03     2.16E-03     3.48E-03     4.64E-03 

0.5 

7.53E-05 

1.25E-04 

3.14E-04 

7.46E-04     1.50E-03     2.43E-03     3.27E-03 

0.8 

9.34E-05 

1.52E-04 

4.03E-04 

9.57E-04     1.94E-03     3.12E-03     4.32E-03 

1 

1.13E-04 

1.83E-04 

4.68E-04 

1.13E-03     2.26E-03     3.63E-03     5.19E-03 

2 

1.64E-04 

2.68E-04 

6.77E-04 

1.54E-03     3.11E-03     5.22E-03     7.31E-03 

5 

8.35E-05 

1.35E-04 

3.16E-04 

7.08E-04     1.58E-03     3.37E-03     6.10E-03 

8 

3.32E-05 

5.33E-05 

1.17E-04 

2.58E-04    6.00E-04     1.50E-03     3.20E-03 

10 

1.79E-05 

2.95E-05 

6.61E-05 

1.45E-04    3.40E-04    8.78E-04     1.95E-03 

20 

2.43E-06 

4.21E-06 

9.24E-06 

2.07E-05    4.76E-05     1.26E-04    2.49E-04 

50 

2.34E-07 

4.10E-07 

8.70E-07 

1.97E-06    4.49E-06     1.09E-05     1.96E-05 

Lung,  Com 

bined  (Females,  15  years,  Light  Exertion) 

Diameter 

5% 

10% 

25% 

50%            75%            90%            95% 

0.1 

6.66E-05 

8.58E-05 

1.21E-04 

1.73E-04    2.47E-04     3.38E-04    4.15E-04 

0.2 

3.75E-05 

4.80E-05 

6.82E-05 

9.62E-05     1.38E-04     1.86E-04    2.28E-04 

0.5 

2.32E-05 

3.06E-05 

4.36E-05 

6.56E-05     9.32E-05     1.31E-04     1.58E-04 

0.8 

2.81E-05 

3.70E-O5 

5.44E-05 

8.38E-05     1.23E-04     1.80E-04    2.19E-04 

1 

3.37E-05 

4.41E-05 

6.50E-05 

9.97E-05     1.48E-04    2.21E-04    2.77E-04 

2 

5.27E-05 

6.38E-05 

9.78E-05 

1.52E-04    2.41E-04    3.77E-04    5.47E-04 

5 

7.30E-06 

1.09E-05 

1.83E-05 

3.41E-05    6.72E-05     1.40E-04    2.56E-04 

8 

1.19E-06 

1.81E-06 

3.50E-06 

6.92E-06     1.56E-05     3.83E-05     7.32E-05 

10 

4.29E-07 

6.59E-07 

1.38E-06 

2.99E-06    7.74E-06    2.01E-05     3.55E-05 

20 

3.07E-08 

5.34E-08 

1.24E-07 

3.38E-07    9.43E-07    2.58E-06    5.09E-06 

50 1 

2.92E-09 

5.05E-09 

1.18E-08 

3.20E-08    8.72E-08    2.27E-07    4.16E-07 

Table  E-2-cont'd 
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Diameter 

5% 

10% 

25%            50%            75%            90%            95% 

0.1 

1.53E-05 

2.09E-05 

3.04E-05    4.89E-05    7.94E-05     1.18E-04     1.55E-04 

0.2 

9.63E-06 

1.29E-05 

1.91E-05    3.06E-O5    4.98E-05    7.39E-05    9.77E-05 

O.f 

7.44E-06 

9.48E-06 

1.58E-05    2.54E-05    4.51E-05    7.96E-05     1.07E-04 

0.8 

1.10E-05 

1.49E-05 

2.61E-05    4.73E-05    8.71E-05     1.76E-04    2.49E-04 

1 

1.53E-05 

2.06E-05 

3.64E-05    6.95E-05     1.29E-04    2.52E-04     3.66E-04 

2 

3.64E-05 

5.26E-05 

9.04E-05     1.69E-04    3.29E-04    6.55E-04    9.14E-04 

5 

3.50E-06 

5.26E-06 

1.33E-05     3.16E-05    8.05E-05    2.00E-04    2.96E-04 

8 

1.24E-06 

1.72E-06 

3.66E-06    9.68E-06    2.90E-05 

7.35E-05     1.39E-04 

10 

8.11E-07 

1.16E-06 

2.44E-06    6.48E-06     1.93E-05 

4.92E-05    9.10E-05 

20 

1.34E-07 

2.02E-07 

4.29E-07     1.09E-06    3.33E-06 

8.66E-06     1.53E-05 

50 

1.31E-08 

1.93E-08 

4.15E-08     1.05E-07    3.03E-07    7.84E-07     1.22F-0fil 

BB  Basal  Cells  (Females,  18-24  years,  Light  Exertion) 

Diameter 

5% 

10% 

25%            50%            75%            90%            95% 

0.1 

1.19E-06 

1.85E-06 

4.24E-06     1.78E-05     5.39E-05     9.67E-05     1.43E-04 

0.2 

7.65E-07 

1.18E-06 

2.67E-06     1.12E-05     3.34E-05     6.09E-05     9.01E-05 

0.5 

5.86E-07 

9.02E-07 

2.33E-06    9.33E-06    2.89E-05    5.99E-05    8.86E-05 

0.8 

9.87E-07 

1.61E-06 

4.59E-06     1.78E-05     5.04E-05     1.25E-04     1.97E-04 

1 

1.40E-06 

2.32E-06 

6.73E-06    2.60E-O5     7.34E-05     1.80E-04    2.93E-04 

2 

3.45E-06 

5.94E-06 

1.68E-05    6.46E-05     1.88E-04    4.60E-04     7.68E-04 

5 

2.69E-06 

3.92E-06 

8.27E-06    2.11E-05     5.64E-05     1.37E-04     2.21E-04 

8 

1.52E-06 

2.08E-06 

3.98E-06     9.43E-06    2.49E-05    6.48E-05     1.04E-04 

10 

1.03E-O6 

1.38E-06 

2.79E-06    6.32E-06     1.72E-05    4.23E-05    7.57E-05 

20 

1.71E-07 

2.57E-07 

4.94E-07     1.14E-06    3.05E-06    7.60E-06     1.28E-05 

50| 

1.64E-08 

2.49E-08 

4.80E-08     1.09E-07    2.81E-07    7.01E-07     1.05E-06 

bb  Secretor 

y  Cells  (Females,  18-24 

years,  Light  Exertion) 

Diameter 

5% 

10% 

25%           50%           75%           90%           95% 

0.1 

6.64E-05 

8.29E-05 

1.16E-04     1.66E-04     2.46E-04     3.45E-04    4.17E-04 

0.2 

3.79E-05 

4.70E-05 

6.52E-05    9.31E-05     1.39E-04     1.94E-04    2.35E-04 

0.5 

1.99E-05 

2.44E-05 

3.40E-05    4.91E-05     7.16E-05     9.86E-05     1.20E-04 

0.8 

1.83E-05 

2.21E-05 

3.03E-05    4.49E-05    6.42E-05     8.62E-05     1.05E-04 

1 

1.87E-05 

2.41E-05 

3.31E-05     5.02E-05     7.17E-05     9.65E-05     1.18E-04 

2 

2.64E-05 

3.28E-05 

4.84E-05     8.06E-05     1.30E-04     1.96E-04    2.63E-04 

5 

2.30E-06 

3.44E-06 

6.20E-06     1.23E-05     2.57E-05     5.80E-05    8.95E-05 

8 

1.88E-07 

3.77E-07 

7.72E-07     1.90E-O6    4.36E-06     1.11E-05    2.14E-05 

10 

2.19E-08 

6.21E-08 

1.80E-07    5.71E-07     1.43E-06    4.27E-06    7.29E-06 

20 

0 

0 

8.98E-13     9.87E-11     1.99E-09     1.65E-08    3.63E-08 

50 

0 

0 

ooooo 
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AI  Tissues  (Females,  18-24  years,  Light  Exertion) 

Diameter 

5%           10%           25%           50% 

75% 

90% 

95% 

0.1 

1.12E-04     1.41E-04     1.97E-04    2.95E-04 

4.41E-04 

5.93E-04 

6.79E-04 

0.2 

6.24E-05     7.69E-05     1.08E-04     1.63E-04 

2.44E-04 

3.28E-04 

3.78E-04 

0.5 

4.47E-05     5.53E-05    7.90E-05     1.19E-04 

1.73E-04 

2.39E-04 

2.85E-04 

0.8 

5.86E-05     7.19E-05     1.07E-04     1.56E-04 

2.27E-04 

3.12E-04 

3.83E-04 

1 

6.62E-05    8.39E-05     1.23E-04     1.78E-04 

2.61E-04 

3.66E-04 

4.39E-04 

2 

7.19E-05     8.91E-05     1.35E-04    2.03E-04 

3.12E-04 

4.50E-04 

5.70E-04 

5 

1.20E-O5     1.66E-05    2.78E-05     5.11E-05 

9.23E-05 

1.94E-04 

2.91E-04 

8 

5.40E-07     1.06E-06    2.63E-06    6.18E-06 

1.38E-05 

3.17E-05 

5.53E-05 

10 

3.35E-08     8.08E-08    3.08E-07     1.09E-06 

3.18E-06 

7.82E-06 

1.49E-05 

20 

0                0     1.41E-15     1.14E-12 

8.60E-11 

1.70E-09 

6.04E-09 

50 

0                0                0                0 

0 

0 

0 

LNth  Tissues  (Females.  18-24  years,  Light  Exertion) 

Diameter 

5%           10%           25%           50% 

75% 

90% 

95% 

0.1 

1.86E-04    3.05E-04    7.31E-04     1.63E-03 

2.87E-03 

4.49E-03 

5.87E-03 

0.2 

1.03E-04     1.71E-04    4.05E-04    9.13E-04 

1.60E-03 

2.48E-03 

3.29E-03 

0.5 

7.10E-05     1.09E-04     2.88E-04    6.22E-04 

1.10E-03 

1.81E-03 

2.32E-03 

0.8 

8.67E-05     1.37E-04     3.65E-04     7.63E-04 

1.45E-03 

2.26E-03 

3.03E-03 

1 

1.03E-04     1.62E-04    4.33E-04     8.98E-04 

1.69E-03 

2.66E-03 

3.57E-03 

2 

1.42E-04    2.36E-04     5.78E-04     1.19E-03 

2.29E-03 

3.68E-03 

5.22E-03 

5 

7.09E-05     1.12E-04    2.49E-04     5.25E-04 

1.08E-03 

2.38E-03 

4.18E-03 

8 

2.73E-05    4.35E-05     9.22E-05     1.91E-04 

4.08E-04 

1.08E-O3 

2.23E-03 

10 

1.45E-05    2.40E-05    5.03E-05     1.07E-04 

2.33E-04 

6.50E-04 

1.41E-03 

20 

2.00E-06    3.31E-06    7.11E-06     1.52E-05 

3.34E-05 

9.26E-05 

1.95E-04 

50 

1.90E-07    3.25E-07    6.77E-07     1.46E-06 

3.18E-06 

7.68E-06 

1.36E-05 

Lung,  Combined  (Females,  18-24  years,  Light  Exertion) 

Diameter 

5%            10%           25%            50% 

75% 

90% 

95% 

0.1 

6.48E-05    8.36E-05     1.20E-04     1.76E-04 

2.47E-04 

3.43E-04 

4.22E-04 

0.2 

3.77E-05    4.74E-05     6.76E-05     9.84E-05 

1.41E-04 

1.92E-04 

2.33E-04 

0.5 

2.31E-05     2.97E-05    4.33E-05    6.64E-05 

9.62E-05 

1.34E-04 

1.66E-04 

0.8 

2.73E-05     3.61E-05     5.43E-05     8.28E-05 

1.23E-04 

1.78E-04 

2.19E-04 

1 

3.31E-05     4.34E-05     6.39E-05     9.82E-05 

1.52E-04 

2.20E-04 

2.72E-04 

2 

5.21E-05    6.34E-05     9.71E-05     1.49E-04 

2.33E-04 

3.76E-04 

5.39E-04 

5 

7.30E-06     1.06E-05     1.78E-05     3.36E-05 

6.45E-05 

1.32E-04 

2.46E-04 

8 

1.21E-06     1.83E-06     3.41E-06    6.84E-06 

1.56E-05 

3.71E-05 

7.13E-05 

10 

4.36E-07    6.54E-07     1.37E-06    2.98E-06 

7.52E-06 

1.99E-05 

3.80E-05 

20 

3.02E-O8    5.15E-08     1.22E-07     3.40E-07 

9.40E-07 

2.70E-O6 

5.31E-06 

50 

2.74E-09    4.69E-09     1.15E-08     3.19E-08 

8.90E-08 

2.36E-07 

4.48E-07 
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BB  Secretory  Cells  (Females,  25-34  years,  Light  Exertion) 


Diameter 

5% 

10% 

25%           50%           75%           90%           95% 

0.1 

1.57E-05 

2.14E-05 

3.13E-05    5.03E-O5    8.10E-05     1.19E-04     1.57E-04 

0.2 

9.91E-06 

1.33E-05 

1.95E-05    3.15E-05    5.07E-05    7.44E-05    9.86E-05 

0.5 

7.71E-06 

9.96E-06 

1.63E-05    2.63E-05    4.67E-05     8.21E-05     1.11E-04 

0.8 

1.14E-05 

1.56E-05 

2.71E-05    4.91E-05     9.02E-05 

1.82E-04    2.55E-04 

1 

1.60E-05 

2.15E-05 

3.84E-05     7.19E-05     1.32E-04 

2.59E-04     3.77E-04 

2 

3.74E-05 

5.41E-05 

9.27E-05     1.74E-04    3.37E-04    6.88E-04     9.46E-04 

5 

3.53E-06 

5.29E-06 

1.35E-05     3.21E-05     8.08E-05 

2.01E-04    3.08E-04 

8 

1.25E-06 

1.72E-06 

3.70E-06    9.65E-06    2.94E-05 

7.58E-05     1.43E-04 

10 

8.11E-07 

1.17E-06 

2.46E-06    6.44E-06     1.93E-05 

5.05E-05    9.46E-05 

20 

1.36E-07 

2.01E-07 

4.29E-07     1.08E-06    3.33E-06 

8.95E-06     1.59E-05 

50 

1.32E-08 

1.93E-08 

4.14E-08     1.03E-07    3.01E-O7    8.17E-07     1.26E-06 

BB  Basal  Cells  (Females,  25-34  years,  Light  Exertion) 

1  Diameter 

5% 

10% 

25%            50%            75%            90%            95% 

0.1 

1.24E-06 

1.89E-06 

4.31E-06     1.82E-05     5.48E-05     9.82E-05     1.46E-04 

0.2 

7.91E-07 

1.20E-06 

2.75E-06     1.14E-05    3.39E-05    6.22E-05    9.20E-05 

0.5 

6.16E-07 

9.22E-07 

2.43E-06    9.62E-06    3.00E-05    6.28E-05     9.06E-05 

0.8 

1.03E-O6 

1.65E-06 

4.84E-06     1.84E-05     5.24E-05     1.30E-04    2.02E-04 

1 

1.46E-06 

2.38E-06 

7.06E-06    2.70E-05     7.64E-05     1.89E-04    2.99E-04 

2 

3.55E-06 

6.05E-06 

1.75E-05    6.69E-05     1.91E-04    4.74E-04    7.84E-04 

5 

2.68E-06 

4.04E-06 

8.46E-06    2.15E-05     5.71E-05     1.42E-04     2.31E-04 

8 

1.54E-06 

2.09E-06 

4.00E-06     9.50E-06    2.53E-05    6.66E-05     1.07E-04 

10 

1.04E-06 

1.39E-06 

2.79E-06    6.34E-06     1.73E-05    4.37E-05     7.37E-05 

20 

1.71E-07 

2.57E-07 

4.92E-07     1.13E-06    3.03E-06    7.77E-06     1.30E-05 

50 

1.64E-08 

2.49E-08 

4.78E-08     1.09E-07    2.76E-07     7.04E-07     1.05E-06 

bb  Secretor 

y  Cells  (Females,  25-34 

years,  Light  Exertion) 

Diameter 

5% 

10% 

25%            50%            75%            90%            95% 

0.1 

6.83E-05 

8.54E-05 

1.19E-04     1.70E-04     2.50E-04     3.49E-04    4.23E-04 

0.2 

3.92E-05 

4.86E-05 

6.65E-05     9.60E-05     1.41E-04     1.97E-04    2.39E-04 

0.5 

2.08E-05 

2.53E-05 

3.50E-05    5.07E-05    7.29E-05     1.01E-04     1.23E-04 

0.8 

1.89E-05 

2.31E-05 

3.12E-05    4.62E-05    6.59E-05     8.80E-05     1.06E-04 

1 

1.96E-05 

2.49E-05 

3.39E-05     5.11E-05     7.28E-05     9.86E-05     1.19E-04 

2 

2.66E-05 

3.26E-05 

4.92E-05    8.16E-05     1.30E-04    2.01E-04    2.64E-04 

5 

2.28E-06 

3.38E-06 

6.06E-06     1.21E-05     2.50E-05     5.69E-05     9.07E-05 

8 

1.76E-07 

3.59E-07 

7.28E-07     1.83E-06    4.12E-06     1.10E-05    2.20E-05 

10 

1.99E-08 

5.58E-08 

1.61E-07     5.32E-07     1.35E-06    4.26E-06    7.23E-06 

20 

0 

0 

6.61E-13     8.17E-11     1.75E-09     1.47E-08     3.44E-08 

50 

0 

0 

ooooo 

Table  E-2-cont'd 
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AI  Tissues  (Females,  25-34  years,  Light  Exertion) 

Diameter 

5%            10%           25%            50%            75%            90%            95% 

0.1 

1.13E-04     1.39E-04     1.90E-04    2.85E-04    4.20E-04    5.65E-04    6.58E-04 

0.2 

6.18E-05    7.66E-05     1.06E-04     1.59E-04    2.33E-04    3.14E-04    3.63E-04 

0.5 

4.43E-05    5.47E-05    7.82E-05     1.15E-04     1.67E-04    2.28E-04    2.73E-04 

0.8 

5.78E-05    7.23E-05     1.05E-04     1.50E-O4    2.19E-04    3.02E-04     3.58E-04 

1 

6.54E-05    8.22E-05     1.20E-04     1.71E-04    2.50E-04    3.53E-04    4.15E-04 

2 

6.82E-05    8.57E-05     1.27E-04     1.94E-04    2.93E-04    4.24E-04    5.52E-04 

5 

1.06E-05     1.50E-05    2.52E-05    4.61E-05     8.53E-05     1.77E-04    2.62E-04 

8 

4.70E-07    9.19E-07    2.29E-06    5.36E-06     1.21E-05    2.86E-05     4.86E-05 

10 

2.80E-08    6.81E-08    2.59E-07    9.25E-07    2.71E-06    7.01E-06     1.31E-05 

20 

0                0    8.08E-16    7.96E-13    6.83E-11     1.44E-09    4.90E-09 

50|               0                0                0                0                0                0                o| 

LNth  Tissues  (Females,  25-34  years,  Light  Exertion) 

Diameter 

5%            10%            25%            50%            75%            90%            95% 

0.1 

1.76E-04    2.92E-04     7.03E-04     1.55E-03     2.74E-03     4.30E-03     5.53E-03 

0.2 

9.83E-05     1.63E-04     3.93E-04     8.66E-04     1.53E-03     2.37E-03     3.13E-03 

0.5 

6.81E-05     1.06E-04    2.76E-04    5.90E-04     1.05E-O3     1.73E-03     2.19E-03 

0.8 

8.55E-05     1.33E-04     3.53E-04    7.20E-04     1.37E-03     2.17E-03     2.92E-03 

1 

9.88E-05     1.57E-04    4.14E-04     8.60E-04     1.61E-03     2.46E-03     3.41E-03 

2 

1.33E-04    2.23E-04    5.33E-04     1.11E-03     2.12E-03     3.45E-03     4.87E-03 

5 

6.31E-05     1.00E-04    2.21E-04    4.67E-04    9.74E-04    2.10E-03    3.74E-03 

8 

2.40E-05     3.76E-05     8.04E-05     1.67E-04    3.61E-04     9.82E-04     1.97E-03 

10 

1.27E-05    2.11E-05    4.40E-05    9.44E-05    2.06E-04    5.83E-04     1.27E-03 

20 

1.75E-06    2.90E-06    6.17E-06     1.33E-05    2.93E-05    8.48E-05     1.70E-04 

50 

1.69E-07    2.77E-07    5.91E-07     1.28E-06    2.78E-06    6  82E-06     1  24F-05 

Lung,  Combined  (Females.  25-34  years,  Light  Exertion) 

Diameter 

5%           10%           25%           50%           75%           90%           95% 

0.1 

6.72E-05    8.49E-05     1.19E-04     1.73E-04    2.44E-04    3.32E-04    4.12E-04 

0.2 

3.82E-05    4.84E-05    6.77E-05    9.79E-05     1.40E-04     1.88E-04    2.29E-04 

0.5 

2.36E-05    3.04E-05    4.39E-05    6.54E-05    9.48E-05     1.33E-04     1.58E-04 

0.8 

2.76E-05    3.73E-05     5.43E-05     8.23E-05     1.24E-04     1.77E-04    2.18E-04 

1 

3.35E-05    4.46E-05     6.48E-05     9.74E-05     1.50E-04    2.18E-04    2.64E-04 

2 

5.21E-05    6.26E-05     9.53E-05     1.48E-04    2.27E-04     3.74E-04    5.24E-04 

5 

7.04E-06     1.02E-05     1.70E-05    3.25E-05    6.10E-05     1.29E-04    2.25E-04 

8 

1.13E-06     1.74E-06     3.23E-06    6.35E-06     1.52E-05     3.63E-05     7.42E-05 

10 

3.97E-07    6.09E-07     1.30E-06    2.86E-06    7.46E-06    2.01E-05    3.88E-05 

20 

2.94E-08    4.80E-08     1.19E-07    3.33E-07    9.29E-07    2.82E-06    5.43E-06 

50    2.68E-09    4.50E-09     1.12E-08     3.15E-08    8.77E-08    2.34E-07    4  48E-07 

Table  E-2-cont'd 
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BB  Secretory  Cells  (Males,  15  years,  Light  Exertion) 


Diameter 

5% 

10% 

25%            50%            75% 

90%            95% 

0.1 

1.61E-05 

2.14E-05 

3.18E-05     5.09E-O5    8.25E-05 

1.22E-04     1.61E-04 

0.2 

1.00E-05 

1.33E-05 

1.98E-05    3.17E-05    5.14E-05 

7.62E-05     1.01E-04 

0.5 

8.64E-06 

1.09E-05 

1.83E-05    3.06E-05    5.46E-05 

1.01E-04     1.41E-04 

0.8 

1.41E-05 

1.93E-05 

3.36E-05    6.14E-05     1.16E-04 

2.24E-04    3.33E-04 

1 

2.02E-05 

2.78E-05 

4.86E-05     9.00E-05     1.68E-04 

3.36E-04    4.89E-04 

2 

4.76E-05 

6.75E-05 

1.17E-04    2.17E-04    4.33E-04 

8.56E-04     1.20E-03 

5 

4.12E-06 

6.31E-06 

1.62E-05     3.84E-05    9.75E-05 

2.39E-04    3.86E-04 

8 

1.38E-06 

1.96E-06 

4.08E-06     1.08E-05     3.27E-05 

8.08E-05     1.54E-04 

10 

8.69E-07 

1.28E-06 

2.64E-06    7.00E-06    2.10E-05 

5.15E-05    9.82E-05 

20 

1.41E-07 

2.11E-07 

4.53E-07     1.13E-06    3.39E-06 

9.19E-06     1.56E-05 

50 

1.36E-08 

2.04E-08 

4.31E-08     1.08E-07    3.14E-07 

8.36E-07     1.27E-06 

BB  Basal  ( 

:ells  (Males, 

15  years,  Light  Exertion) 

Diameter 

5% 

10% 

25%           50%           75% 

90%           95% 

0.1 

1.29E-06 

1.95E-06 

4.39E-06     1.90E-05    5.53E-05 

1.01E-04     1.52E-04 

0.2 

8.13E-07 

1.23E-06 

2.81E-06     1.18E-05     3.41E-05 

6.24E-05    9.42E-05 

0.5 

6.92E-07 

1.05E-06 

2.87E-06     1.15E-05     3.49E-05 

7.41E-05     1.13E-04 

0.8 

1.29E-06 

2.10E-06 

6.18E-06    2.36E-05    6.72E-05 

1.67E-04    2.65E-04 

1 

1.86E-06 

3.06E-06 

9.29E-06    3.45E-05     9.56E-05 

2.47E-04     3.87E-04 

2 

4.43E-06 

7.70E-O6 

2.23E-05     8.38E-05     2.41E-04 

6.08E-04     1.02E-03 

5 

3.13E-06 

4.85E-06 

1.00E-05    2.55E-05    6.92E-05 

1.70E-04    2.69E-04 

8 

1.73E-06 

2.32E-06 

4.44E-06     1.06E-05     2.87E-05 

7.15E-05     1.18E-04 

10 

1.12E-06 

1.52E-06 

3.05E-O6    6.86E-06     1.88E-05 

4.72E-05     7.70E-05 

20 

1.79E-07 

2.67E-07 

5.17E-07     1.18E-06    3.13E-06 

7.78E-06     1.32E-05 

50 

1.69E-08 

2.59E-08 

4.94E-08     1.13E-07    2.86E-07 

7.15E-07     1.06E-06 

bb  Secretor 

y  Cells  (Males,  15  years 

,  Light  Exertion) 

Diameter 

5% 

10% 

25%           50%           75% 

90%            95% 

0.1 

7.28E-05 

9.13E-05 

1.27E-04     1.82E-04    2.67E-04 

3.78E-04    4.53E-04 

0.2 

4.07E-05 

5.10E-O5 

7.08E-05     9.99E-05     1.49E-04 

2.11E-04    2.53E-04 

0.5 

2.08E-05 

2.62E-05 

3.63E-05     5.18E-05     7.62E-05 

1.05E-04     1.25E-04 

0.8 

1.85E-05 

2.32E-05 

3.14E-05     4.68E-05    6.81E-05 

9.11E-05     1.09E-04 

1 

1.99E-05 

2.51E-05 

3.45E-05     5.22E-05     7.60E-05 

1.04E-04     1.25E-04 

2 

2.83E-05 

3.56E-05 

5.32E-05     8.86E-05     1.44E-04 

2.27E-04    3.02E-04 

5 

2.29E-06 

3.36E-06 

6.39E-06     1.29E-05    2.74E-05 

6.34E-05     1.04E-04 

8 

1.45E-07 

3.31E-07 

6.89E-07     1.76E-06    4.10E-06 

1.08E-05     1.99E-05 

10 

1.32E-08 

4.05E-08 

1.33E-07    4.65E-07     1.22E-06 

3.70E-06    6.23E-06 

20 

0 

0 

9.97E-14    2.29E-11     7.29E-10 

8.20E-09     1.82E-08 

50 

0 

0 

0                 0                 0 

0                 0 
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Table  E-2-cont'd 


AI  Tissues  (Males,  15  years,  Light  Exertion) 

Diameter 

5%           10%           25%           50%           75%           90%           V% 

0.1 

1.30E-04     1.64E-04    2.23E-04     3.22E-04    4.80E-04    6.38E-04     7.47E-04 

0.2 

7.05E-05    8.75E-05     1.21E-04     1.74E-04    2.62E-04     3.48E-04    4.07E-04 

0.5 

4.86E-05    6.09E-05    8.54E-05     1.28E-04     1.82E-04    2.48E-04    2.96E-04 

0.8 

6.20E-05     7.81E-05     1.12E-04     1.66E-04    2.36E-04     3.33E-04     3.96E-04 

1 

7.03E-05    9.09E-05     1.31E-04     1.91E-04    2.75E-04    3.88E-04    4.64E-04 

2 

7.55E-05    9.24E-05     1.38E-04    2.09E-04    3.25E-04    4.78E-04    6.25E-04 

5 

1.13E-05     1.64E-05    2.72E-05    5.14E-05    9.74E-05 

2.01E-04    3.09E-04 

8 

4.26E-07    7.87E-07    2.24E-06    5.65E-06     1.35E-05 

3.04E-05     5.32E-05 

10 

1.84E-08    4.23E-08    2.02E-07    8.38E-07    2.59E-06    7.33E-06     1.31E-05 

20 

0                0     1.08E-19     1.32E-13    2.03E-11     5.98E-10    2.49E-09 

50 

ooooooo 

LNth  Tissues  (Males,  15  years,  Light  Exertion) 

Diameter 

5%            10%           25%            50%            75%            90%            95% 

0.1 

2.28E-04    3.75E-04     9.04E-04    2.24E-03     4.30E-03     7.10E-03     9.37E-03 

0.2 

1.28E-04    2.05E-04    4.97E-04     1.23E-03    2.35E-03    3.82E-03    5.10E-03 

0.5 

8.24E-05     1.34E-04    3.43E-04     8.14E-04     1.61E-03     2.68E-03     3.62E-03 

0.8 

1.05E-04     1.65E-04    4.40E-04     1.05E-O3     2.10E-03     3.48E-03     4.75E-03 

1 

1.23E-04    2.05E-04    5.13E-04     1.23E-03     2.44E-03     4.06E-03     5.61E-03 

2 

1.82E-04    2.96E-04     7.41E-04     1.72E-03     3.37E-03     5.75E-03     8.24E-03 

5 

9.12E-05     1.47E-04    3.50E-04    7.64E-04     1.70E-03     3.76E-03     6.70E-03 

8 

3.58E-05    5.65E-05     1.29E-04    2.78E-04    6.47E-04     1.71E-03    3.51E-03 

10 

1.93E-05    3.19E-05    7.14E-05     1.54E-04    3.69E-04    9.85E-04    2.17E-03 

20 

2.59E-06    4.52E-06     1.00E-05    2.22E-05    5.15E-05     1.40E-04    3.04E-04 

50 

2.51E-07    4.40E-07    9.52E-07    2.11E-06    4.85E-06     1.17E-05     ?  17F.-05 

Lung,  Combined  (Males,  15  years,  Light  Exertion) 

Diameter 

5%             10%            25%            50%            75%            90%            95% 

0.1 

7.29E-05    9.40E-05     1.32E-04     1.91E-04    2.72E-04    5 

I.71E-04    4.56E-04 

0.2 

4.06E-05     5.16E-05     7.41E-05     1.06E-04     1.52E-04    I 

I.06E-04    2.52E-04 

0.5 

2.58E-05     3.31E-05     4.82E-05     7.18E-05     1.03E-04     1 

.45E-04     1.73E-04 

0.8 

3.16E-05    4.13E-05     6.04E-05     9.21E-05     1.36E-04    2 

..OOE-04     2.46E-04 

1 

3.83E-05    4.89E-05     7.28E-05     1.11E-04     1.64E-04     2 

.47E-04    3.07E-04 

2 

5.76E-05    7.10E-05     1.09E-04     1.67E-04    2.72E-04    A 

.32E-04    6.38E-04 

5 

7.69E-06     1.13E-05     1.94E-05    3.61E-05    7.06E-05     1 

.53E-04    2.84E-04 

8 

1.19E-06     1.86E-06    3.54E-06    7.08E-06     1.64E-05    4 

.01E-05    7.81E-05 

10 

4.32E-07    6.75E-07     1.42E-06     3.12E-06    7.96E-06    2 

.12E-05     3.95E-05 

20 

3.27E-08    5.74E-08     1.32E-07     3.59E-07     9.93E-07     2.80E-06    5.71E-06 

I              50|   3.11E-09    5.42E-09     1.26E-08     3.39E-08     9.46E-08     2  48E-07    4  55E-07 

Table  E-2-cont'd 
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BB  Secretory  Cells  (Males,  18-24 


Exertion) 


Diameter 

5% 

10%           25%            50%            75% 

90%           95% 

0.1 

1.69E-05 

2.30E-05    3.36E-05    5.39E-05    8.63E-05 

1.25E-04     1.68E-04 

0.2 

1.06E-05 

1.43E-05    2.10E-05    3.37E-05    5.41E-05 

7.88E-05     1.06E-04 

0.5 

8.84E-06 

1.15E-05     1.88E-05     3.08E-05     5.38E-05 

9.99E-05     1.34E-04 

0.8 

1.42E-05 

1.93E-05     3.31E-05    6.14E-05     1.13E-04 

2.22E-04    3.23E-04 

1 

2.00E-05 

2.74E-05    4.80E-05     8.85E-05     1.64E-04 

3.30E-04    4.80E-04 

2 

4.74E-05 

6.69E-05     1.15E-04    2.15E-04    4.18E-04 

8.50E-04     1.19E-03 

5 

4.24E-06 

6.53E-06     1.64E-05     3.89E-05     9.92E-05 

2.44E-04    3.95E-04 

8 

1.46E-06 

2.07E-06    4.33E-06     1.15E-05     3.47E-05 

9.07E-O5     1.70E-04 

10 

9.51E-07 

1.36E-06    2.83E-06    7.41E-06    2.29E-05 

5.90E-05     1.12E-04 

20 

1.54E-07 

2.28E-07    4.86E-07     1.23E-06    3.79E-06 

1.02E-05     1.83E-05 

50 

1    1.49E-08 

2.18E-08    4.68E-08     1.18E-07    3.42E-07 

9.26E-07     1.43E-06 

BB  Basal  ( 

:ells  (Males, 

18-24  years,  Light  Exertion) 

Diameter 

5% 

10%            25%            50%            75% 

90%            95% 

0.1 

1.34E-06 

2.01E-06    4.59E-06     1.96E-05    5.85E-05 

1.05E-04     1.55E-04 

0.2 

8.51E-07 

1.30E-06    2.93E-06     1.24E-05     3.66E-05 

6.57E-05    9.73E-05 

0.5 

6.89E-07 

1.07E-06    2.81E-06     1.12E-05    3.46E-05 

7.43E-05     1.09E-04 

0.8 

1.27E-06 

2.02E-06    6.01E-06    2.29E-05    6.38E-05 

1.60E-04    2.57E-04 

1 

1.81E-06 

2.95E-06    8.85E-06    3.30E-05     9.29E-05 

2.35E-04     3.80E-04 

2 

4.34E-06 

7.49E-06    2.20E-05     8.29E-05     2.35E-04 

5.91E-04    9.75E-04 

5 

3.30E-06 

4.93E-06     1.00E-05     2.61E-05     7.06E-05 

1.74E-04    2.82E-04 

8 

1.81E-06 

2.46E-06    4.62E-06     1.11E-05     3.04E-05 

8.01E-05     1.36E-04 

10 

1.17E-06 

1.64E-06    3.27E-06    7.38E-06    2.04E-05 

5.31E-05    9.27E-05 

20 

1.88E-07 

2.91E-07    5.59E-07     1.29E-06    3.47E-06 

8.92E-06     1.55E-05 

50 

1.84E-08 

2.81E-08     5.40E-08     1.25E-07    3.20E-07 

S.15E-07     1.24E-06 

bb  Secretor 

y  Cells  (Males,  18-24  years.  Light  Exertion) 

Diameter 

5% 

10%           25%            50%            75% 

90%            95% 

0.1 

8.31E-05 

1.03E-04     1.41E-04    2.02E-04    2.95E-04    4.16E-04     5.04E-04 

0.2 

4.73E-05 

5.82E-05    7.95E-05     1.13E-04     1.67E-04    2.35E-04    2.87E-04 

0.5 

2.49E-05 

3.02E-05     4.20E-05     5.97E-05     8.66E-05 

1.18E-04     1.45E-04 

0.8 

2.26E-05 

2.78E-05     3.77E-05     5.56E-05     7.83E-05     ] 

.04E-04     1.26E-04 

1 

2.39E-05 

3.04E-05    4.12E-05     6.12E-05     8.79E-05     1 

.18E-04     1.42E-04 

2 

3.20E-05 

3.97E-05    6.01E-05     9.77E-05     1.57E-04    2.46E-04     3.21E-04 

5 

2.64E-06 

3.95E-06    7.00E-06     1.41E-05     2.98E-05    t 

•  47E-05     1.09E-04 

8 

1.70E-07 

3.61E-07     7.88E-07    2.01E-06    4.60E-06     ] 

.22E-05     2.28E-05 

10 

1.79E-08 

5.09E-08     1.65E-07    5.39E-07     1.46E-06    4 

59E-06    7.50E-06 

20 

0 

0    2.67E-13     4.31E-11     1.18E-09     1 

.16E-08    2.68E-08 

50 

0 

oooo 

0                 0 
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AI  Tissues  (Males,  18-24  years,  Light  Exertion) 

1  Diameter 

5%            10%           25%            50%            75%            90%            95% 

0.1 

1.28E-04     1.54E-04    2.13E-04    3.12E-04    4.55E-04    6.06E-04    7.02E-04 

0.2 

6.97E-05     8.45E-05     1.18E-04     1.73E-04    2.54E-04     3.39E-04     3.93E-04 

0.5 

4.94E-05    6.12E-05    8.54E-05     1.26E-04     1.80E-04    2.44E-04    2.89E-04 

0.8 

6.33E-05    8.04E-05     1.14E-04     1.64E-04    2.36E-04     3.23E-04     3.89E-04 

1 

7.00E-05    9.23E-05     1.32E-04     1.88E-04    2.71E-04    3.83E-04    4.50E-04 

2 

7.28E-05    9.13E-05     1.38E-04    2.10E-04    3.17E-04    4.56E-04    5.88E-04 

5 

1.06E-05     1.54E-05    2.63E-05    4.88E-05    9.18E-05     1.92E-04    2.81E-04 

8 

4.49E-07    8.54E-07    2.19E-06    5.45E-06     1.24E-05     3.02E-05     5.15E-05 

10 

2.23E-08     5.69E-08    2.36E-07    8.71E-07    2.66E-06    7.14E-06     1.31E-05 

20 

0                0    2.35E-16    4.98E-13    4.77E-11     9.94E-10    3.63E-09 

50 

ooooooo 

LNth  Tissues  (Males,  18-24  years,  Light  Exertion) 

Diameter 

5%            10%            25%            50%            75%            90%            95% 

0.1 

1.90E-04    3.12E-04    7.59E-04     1.68E-03     2.98E-03     4.62E-03    6.03E-03 

0.2 

1.06E-04     1.75E-04    4.24E-04     9.30E-04     1.66E-03     2.58E-03     3.35E-03 

0.5 

7.36E-05     1.17E-04    3.02E-04    6.44E-04     1.17E-03     1.88E-03    2.42E-03 

0.8 

9.22E-05     1.45E-04    3.91E-04    8.02E-04     1.52E-03     2.35E-03     3.16E-03 

1 

1.07E-04     1.74E-04    4.62E-04     9.42E-04     1.78E-03     2.70E-03     3.77E-03 

2 

1.45E-04    2.48E-04    5.91E-04     1.24E-03     2.35E-03     3.80E-03     5.32E-03 

5 

6.96E-05     1.07E-04    2.46E-04     5.17E-04     1.08E-03     2.46E-03     4.56E-03 

8 

2.54E-05    4.08E-05     8.83E-05     1.85E-04     3.99E-04     1.09E-03     2.32E-03 

10 

1.37E-05     2.29E-05    4.82E-05     1.02E-04    2.26E-04    6.64E-04     1.44E-03 

20 

1.86E-06    3.15E-06    6.76E-06     1.45E-05     3.19E-05     9.47E-05     1.96E-04 

50 

1.81E-07    2.99E-07    6.47E-07     1.40E-06     3.05E-06     7.85E-06     1  41F-05 

Lung,  Combined  (Males.  18-24  years.  Light  Exertion) 

Diameter 

5%            10%            25%            50%            75%            90%            95% 

0.1 

7.59E-05     9.64E-05     1.36E-04     1.96E-04    2.76E-04     3.75E-04    4.47E-04 

0.2 

4.35E-05    5.45E-05    7.72E-05     1.10E-04     1.53E-04    2.09E-04    2.53E-04 

0.5 

2.73E-05     3.54E-05     5.06E-05     7.45E-05     1.06E-04     1.47E-04     1.78E-04 

0.8 

3.32E-05     4.38E-05    6.30E-05     9.33E-05     1.40E-04    2.00E-04    2.47E-04 

1 

3.96E-05     5.28E-05     7.56E-05     1.11E-04     1.67E-04     2.48E-04     3.03E-04 

2 

5.80E-05     7.34E-05     1.11E-04     1.70E-04    2.66E-04    4.34E-04    6.23E-04 

5 

7.93E-06     1.14E-05     1.92E-05     3.61E-05    6.89E-05     1.49E-04    2.68E-04 

8 

1.21E-06     1.88E-06     3.52E-06    7.05E-06     1.70E-05    4.11E-05     8.40E-05 

10 

4.30E-07    6.76E-07     1.44E-06     3.23E-06     8.46E-06    2.32E-05    4.44E-05 

20 

3.27E-08    5.44E-08     1.32E-07     3.76E-07     1.09E-06    3.25E-06    6.17E-06 

50 

3.02E-09    5.04E-09     1.27E-08    3.56E-08     1.01E-07    2.69E-07     5  07E-07 
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BB  Secretory  Cells  (Males,  25-34 


Exertion) 


Diameter 

5% 

10% 

25%            50%            75%            90%            95% 

0.1 

1.73E-05 

2.33E-05 

3.42E-05    5.49E-05    8.79E-05     1.27E-04     1.71E-04 

0.2 

1.08E-05 

1.45E-05 

2.14E-05    3.44E-05    5.52E-05    8.02E-05     1.08E-04 

O.f 

9.10E-O6 

1.17E-05 

1.94E-05    3.19E-05    5.55E-05     1.03E-O4     1.39E-04 

0.8 

1.48E-05 

1.98E-05 

3.45E-05    6.39E-05     1.17E-04    2.30E-04    3.33E-04 

1 

2.08E-O5 

2.84E-05 

4.93E-05     9.21E-05     1.70E-04    3.41E-04    4.99E-04 

2 

4.84E-05 

6.89E-05 

1.17E-04    2.21E-04    4.30E-04    8.69E-04     1.22E-03 

5 

4.28E-06 

6.60E-06 

1.66E-05     3.95E-05     1.01E-04    2.45E-04    4.06E-04 

8 

1.47E-06 

2.09E-06 

4.39E-06     1.17E-05     3.53E-05     9.22E-05     1.76E-04 

10 

9.51E-07 

1.38E-06 

2.85E-06    7.47E-06    2.31E-05    6.01E-05     1.18E-04 

20 

1.54E-07 

2.28E-07 

4.88E-07     1.23E-06    3.81E-06     1.03E-O5     1.90E-05 

50 

1.49E-08 

2.18E-08 

4.66E-08     1.17E-07    3.41E-07    9.42E-07     1  46F-06 

BB  Basal  Cells  (Males,  25-34  years,  Light  Exertion) 

Diameter 

5% 

10% 

25%            50%            75%            90%            95% 

0.1 

1.35E-06 

2.04E-06 

4.63E-06     1.99E-05    5.99E-05     1.07E-04     1.58E-04 

0.2 

8.65E-07 

1.32E-06 

2.96E-06     1.26E-05     3.72E-05    6.74E-05     9.91E-05 

0.5 

7.08E-07 

1.09E-06 

2.89E-06     1.16E-05    3.61E-05    7.68E-05     1.13E-04 

0.8 

1.32E-06 

2.08E-06 

6.22E-06    2.37E-05    6.62E-05     1.65E-04    2.66E-04 

1 

1.86E-06 

3.06E-06 

9.14E-06     3.43E-05     9.57E-05     2.44E-04    3.98E-04 

2 

4.43E-06 

7.64E-06 

2.26E-05     8.47E-05    2.39E-04    6.06E-04     9.92E-04 

5 

3.34E-06 

5.01E-06 

1.01E-05     2.64E-05     7.19E-05     1.76E-04    2.88E-04 

8 

1.81E-06 

2.49E-06 

4.67E-06     1.12E-05     3.07E-05     8.19E-05     1.42E-04 

10 

1.18E-06 

1.64E-06 

3.27E-06     7.42E-06    2.07E-05     5.42E-05     9.55E-05 

20 

1.88E-07 

2.90E-07 

5.58E-07     1.29E-06    3.47E-06    9.00E-06     1.59E-05 

50 

1.83E-08 

2.82E-08 

5.40E-08     1.24E-07    3.21E-07    8.17E-07     1  24RJK 

bb  Secretor 

v  Cells  (Males,  25-34  years.  Light  Exertion) 

Diameter 

5% 

10% 

25%            50%            75%            90%            95% 

0.1 

8.49E-05 

1.06E-04 

1.44E-04    2.06E-04     3.01E-04    4.22E-04     5.15E-04 

0.2 

4.87E-05 

5.99E-05 

8.13E-05     1.16E-04     1.71E-04    2.41E-04    2.94E-04 

0.5 

2.58E-05 

3.12E-05 

4.26E-05     6.09E-05     8.84E-05     1.21E-04     1.47E-04 

0.8 

2.32E-05 

2.88E-05 

3.87E-05     5.68E-05     7.99E-05     1.07E-04     1.26E-04 

1 

2.48E-05 

3.11E-05 

4.22E-05    6.23E-05     8.89E-05     1.20E-04     1.43E-04 

2 

3.19E-05 

4.03E-05 

6.12E-05     9.88E-05     1.58E-04    2.46E-04    3.23E-04 

5 

2.63E-06 

3.88E-06 

6.90E-06     1.39E-05     2.95E-05     6.43E-05     1.09E-04 

8 

1.61E-07 

3.49E-07 

7.54E-07     1.96E-06    4.45E-06     1.21E-05     2.22E-05 

10 

1.62E-08 

4.67E-08 

1.54E-07    5.12E-07     1.42E-06    4.49E-06     7.24E-06 

20 

0 

0 

1.90E-13     3.52E-11     1.06E-09     1.06E-08    2.49E-08 

50 

0 

0 

ooooo 
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AI  Tissues  (Males,  25-34  years,  Light  Exertion) 

Diameter 

5%           10% 

25%           50%           75%           90%           95% 

0.1 

1.21E-04     1.50E-04 

2.03E-04    2.98E-04    4.35E-04 

5.76E-04    6.61E-04 

0.2 

6.69E-05     8.17E-05 

1.14E-04     1.66E-04    2.41E-04 

3.24E-04     3.76E-04 

0.5 

4.80E-05    6.01E-05 

8.26E-05     1.22E-04     1.71E-04 

2.35E-04    2.78E-04 

0.8 

6.11E-05     7.77E-05 

1.10E-04     1.57E-04    2.25E-04 

3.11E-04     3.72E-04 

1 

6.82E-05    8.93E-05 

1.26E-04     1.79E-04    2.57E-04 

3.65E-04    4.30E-04 

2 

6.83E-05    8.68E-05 

1.31E-04     1.98E-04    2.96E-04 

4.29E-04    5.67E-04 

5 

9.61E-06     1.40E-05 

2.37E-05    4.36E-05    8.32E-05 

1.74E-04    2.51E-04 

8 

3.80E-07    7.34E-07 

1.90E-06    4.79E-06     1.10E-05 

2.68E-05    4.56E-05 

10 

1.78E-08    4.50E-08 

2.01E-07    7.39E-07    2.27E-06 

6.15E-06     1.15E-05 

20 

0                 0 

9.81E-17    3.64E-13     3.55E-11 

7.39E-10    2.81E-09 

50 

0                 0 

ooo 

0                 0 

LNth  Tissues  (Males,  25-34  years,  Light  Exertion) 

Diameter 

5%            10% 

25%            50%            75%            90%            95% 

0.1 

1.78E-04    2.92E-04 

7.06E-04     1.58E-03     2.80E-03    4.32E-03     5.60E-03 

0.2 

9.84E-05     1.63E-04 

3.97E-04    8.82E-04     1.57E-03    2.44E-03    3.18E-03 

0.5 

6.94E-05     1.11E-04 

2.87E-04    6.10E-04     1.10E-03     1.79E-03    2.25E-03 

0.8 

8.62E-05     1.37E-04 

3.69E-04    7.56E-04     1.43E-03    2.22E-03    3.00E-03 

1 

9.99E-05     1.65E-04 

4.30E-04    8.92E-04     1.69E-03     2.55E-03     3.54E-03 

2 

1.34E-04    2.26E-04 

5.42E-04     1.15E-03    2.18E-03     3.50E-03    4.93E-03 

5 

6.18E-05     9.35E-05 

2.17E-04    4.61E-04    9.60E-04     2.18E-03     4.11E-03 

8 

2.19E-05     3.54E-05 

7.73E-05     1.63E-04     3.52E-04     9.81E-04    2.07E-03 

10 

1.21E-05     1.99E-05 

4.23E-05    8.94E-05    2.00E-04    5.83E-04     1.30E-03 

20 

1.62E-06    2.76E-06 

5.93E-06     1.27E-05     2.82E-05     8.67E-05     1.72E-04 

50 

1.58E-07    2.64E-07 

5.72E-07     1.22E-06    2.65E-06    6.83E-06     1.28E-05 

Lung,  Com 

bined  (Males,  25-34  years.  Light  Exertion) 

Diameter 

5%           10% 

25%            50%            75%            90%            95% 

0.1 

7.56E-05     9.55E-05 

1.35E-04     1.90E-04    2.69E-04     3.66E-04    4.37E-04 

0.2 

4.34E-05     5.38E-05 

7.70E-05     1.08E-04     1.52E-04     2.06E-04    2.46E-04 

0.5 

2.71E-05    3.53E-05 

5.06E-05     7.38E-05     1.04E-04     1.45E-04     1.73E-04 

0.8 

3.30E-05    4.38E-05 

6.28E-05     9.29E-05     1.37E-04     1.97E-04    2.41E-04 

1 

3.96E-05     5.22E-05 

7.49E-05     1.11E-04     1.65E-04    2.42E-04     3.03E-04 

2 

5.78E-05     7.22E-05 

1.10E-04     1.68E-04    2.62E-04    4.28E-04    6.25E-04 

5 

7.71E-06     1.08E-05 

1.83E-05     3.44E-05    6.64E-05     1.45E-04    2.62E-04 

8 

1.17E-06     1.80E-06 

3.35E-06    6.77E-06     1.64E-05    4.09E-05     7.96E-05 

10 

4.08E-07    6.48E-07 

1.37E-06     3.16E-06    8.14E-06    2.33E-05    4.49E-05 

20 

3.21E-08     5.18E-08 

1.31E-07    3.75E-07     1.08E-06    3.26E-06    6.26E-06 

50 

2.96E-09    4.85E-09 

1.26E-08    3.53E-08     1.00E-07 

2.69E-07    5.05E-07 
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